Radical and Photochemical Reactions of the Nitrosites of Humulene and Caryophyllene by MacAlpine, Derek Kenneth
UNIVERSITY OF GLASGOW 
CHEMISTRY DEPARTMENT
RADICAL AND PHOTOCHEMICAL REACTIONS 
OF THE NITROSITES 
OF HUMULENE AND CARYOPHYLLENE
being
A th e s i s  subm itted in  p a r t  f u l f i lm e n t  of the  
requirem ents  f o r  the
DEGREE OF DOCTOR OF PHILOSOPHY 
>
by
DEREK KENNETH MACALPINE
O '
November 1977
ProQuest Number: 13804139
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 13804139
Published by ProQuest LLC(2018). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
ACKNOWLEDGEMENTS
I  would l i k e  to  express  my s in c e re  thanks to  Dr. A.L. P o r te  
f o r  the  guidance, c o n s t ru c t iv e  c r i t i c i s m ,  and encouragement provided 
during  the  course of t h i s  work.
I  thank P ro fe sso r  G.A. Sim in  whose l a b o r a to r ie s  t h i s  work 
was c a r r i e d  ou t .
I  would a ls o  l i k e  to  thank Dr. S .T .R .S . M itch e ll  fo r  the  
g i f t  of a sample of humulene n i t r o s i t e ,  and Mr. D .S .J .  Gardner and 
Mr. J.M. F in ch e r ,  of White Stevenson L im ited , North A lb e r t  Road,. 
R e ig a te ,  Surrey, fo r  a g i f t  of 500 gm of the h ig h e r  b o i l in g  f r a c t io n s  
o f  hop o i l ,  from which humulene was e x t r a c te d .
My thanks a re  a lso  extended to  the many people  in  the 
Chemistry Department of the U n iv e rs i ty  of Glasgow, whom i t  would be 
im possib le  to  mention by name h e re ,  whose a s s i s ta n c e  and advice were 
of va lue  to  me in  the  course of th i s  work.
I  should a lso  l ik e  to  record  my g ra t i tu d e  to  my m o th e r- in -  
law, Mrs. J a n e t te  Kempton fo r  the  typ ing  of t h i s  t h e s i s .
F in a l ly  I  would l ik e  to  acknowledge w ith  g ra t i tu d e  the 
award of a  Carnegie Research S ch o la rsh ip ,  du ring  the  tenure  of which 
t h i s  work was c a r r ie d  o u t .
Derek K. MacAlpine.
SUMMARY
to
The Thesis  i s  concerned w ith the  fo llow ing  two main to p ic s ;
1) F i r s t  the  re a c t io n s  of chloroform  s o lu t io n s  of humulene (14) and 
humulene n i t r o s i t e  (17) w ith  the oxides of n i t ro g e n  were i n v e s t i ­
ga ted .
2) In  con junction  w ith  the f i r s t  to p ic  a study  was made of the  
p roduc ts  ob ta ined  when,
a) c r y s t a l l i n e  samples of humulene n i t r o s i t e  (17) and,
b) s o lu t io n s  of humulene n i t r o s i t e  in  the  a p r o t ic  so lv en ts  
chloroform , to lu e n e ,  and benzene, and
c.) s o l id  so lu t io n s  of humulene n i t r o s i t e  in  d in itro -hum ulene  
(24) are  i r r a d i a t e d  w ith  red  l i g h t .
The m ech an is t ic  flow c h a r ts  con tained  in  S . l  and S .2 
ex p la in  the  form ation  of the p roducts  observed during  th ese  s tu d ie s .  
The p roduc ts  ob ta ined  were c h a r a c te r i s e d  in  the  manner d esc ribed  
below.
1) A ll  d e r iv a t iv e s  marked w ith  a s in g le  a s t e r i s k  were i s o la t e d
us ing  chromatographic tech n iq u es ,  ob ta ined  where p o s s ib le  in
a pure c r y s t a l l i n e  s t a t e ,  and c h a r a c te r i s e d  us ing  a combination
1 13of e lem enta l a n a ly s i s ,  and H n . m . r . ,  C n .m . r . ,  i n f r a - r e d  and 
mass spec troscopy .
2) D e r iv a t iv e s  marked w ith  a double a s t e r i s k ,  were i s o l a t e d  as 
m ix tu res  of s im i la r  isom eric  compounds which could no t be 
sep a ra ted  by chromatographic o r  o th e r  means. The s t r u c tu r e s  
p o s tu la te d  a re  c o n s is te n t  w ith  the  a v a i la b le  sp ec tro sco p ic  
d a ta .
3) Those n i t r o x id e  r a d i c a l s  which were no t i s o la t e d  and c h a r a c te r -
i s e d ,  were d e te c te d  using  e . p . r .  spec tro scopy , and the  sp in  
H am iltonian param eters  were o b ta in ed .  The photochemical 
r e a c t io n s  shown in  f ig u r e  S . 2. were a ls o  monitored in  an i n f r a ­
red  sp ec tro m e te r ,  and the  changes observed in  the s p e c t r a ,  were 
shown to  be c o n s is te n t  w ith  the s t r u c tu r e s  p o s tu la te d  fo r  the  
n i t r o x id e  r a d i c a l s .
4) The rem aining sp ec ie s  shown in  f ig u r e s  S . l  and S .2 are  t r a n s i e n t  
in te rm e d ia te s ,  which were not d e te c te d ,  bu t p rev ious  workers 
i n v e s t ig a t i n g  the chem istry  of C -n i t ro so  compounds, and of 
humulene d e r iv a t iv e s ,  have p o s tu la te d  in te rm e d ia te s  of s im i la r  
s t r u c t u r e .
Topic one: The r e a c t io n s  of humulene and humulene n i t r o s i t e  w ith
the  oxides of n i t ro g e n  
Three main p roducts  are  ob ta ined  from the r e a c t io n  of 
humulene w ith  the  oxides of n i t r o g e n ,  humulene n i t r o s i t e  (17) , 
d in itro -hum ulene  (2 4 ) ,  and n i t ro -n i t r a to -h u m u le n e  (2 6 ) ,  each forming 
by the  a d d i t io n  of the  r e le v a n t  oxides of n i t r o g e n ,  over the  double 
bond of humulene in d ic a te d  in  f ig u re  S . l .
When humulene n i t r o s i t e  i s  re a c te d  w ith  the  i n i t i a l
s tag es  of the  r e a c t io n  involve  the  a d d i t io n  of two m olecules of 
n i t r i c  oxide to the  n i t r o s o  group o f humulene n i t r o s i t e ,  forming the 
diazonium n i t r a t e  complex (3 7 ) ,  as shown in  f ig u re  S . l .  This complex 
subsequently  decomposes w ith the  ev o lu t io n  of n i t r o g e n ,  forming an 
a l i p h a t i c  r a d i c a l  (18) . By studying  the  r e a c t io n  p ro d u c ts ,  t h i s  
a l i p h a t i c  r a d i c a l  (18) ,  i s  deduced to s t a b a l i s e  in  the  fo llow ing 
four ways.
1) The f i r s t  op tion  i s  fo r  the  r a d i c a l  (1 8 ) ,  to  add NO^  forming 
d in itro -hum ulene  (24) .
2) Second, an ONO^  r a d i c a l  can a b s t r a c t  a p ro to n ,  forming the 
isom eric  sp ec ie s  (4 1 ) ,  (42 ) , and (43) .
3) T h ird , the  r a d i c a l  can r e a c t  w ith  humulene n i t r o s i t e ,  forming 
n i t r o x id e  r a d ic a l  (19) .
4) In  i t s  f i n a l  mode of behav iou r ,  (18) undergoes a tra n san n u la r  
c y c l i s a t i o n ,  as shown in  f ig u r e  S . l  forming the t r i c y c l i c  sp ec ie s  
(5 0 ) ,  (5 2 ) ,  and (53) and (48 ) ,  which c o n ta in  a cyclopropy l r in g .  
These sp ec ie s  have n o t been d e te c te d .  However, sp ec ie s  (44 ) ,
(45) , (46 ) ,  and (40) , which form by the f u r th e r  r e a c t io n  of
the  cyclopropyl based in te rm e d ia te s  w ith  the  oxides of n i t r o g e n ,  
have been i s o l a t e d  and c h a r a c te r i s e d .
Three n i t r o x id e  r a d i c a l s  are  d e te c te d  when humulene 
n i t r o s i t e  i s  re a c te d  w ith  N^O^. These r a d i c a l s  a re  p o s tu la te d  to  
form as shown in  f ig u r e  S . l .  I t  has been dem onstrated , th a t  n i t r o x id e  
r a d i c a l s  are n o t formed by the d i r e c t  a t t a c k  of NO  ^ a t  the 'T T  system 
of humulene n i t r o s i t e ,  as shown in  f ig u r e  5 .1 ,  b u t  in s te a d  NO^  can 
re p la c e  the  n i t r o s o  group of humulene n i t r o s i t e  forming the c is  and 
t ra n s  isomers of d in itro -hum ulene  (24 ) ,  w ith  a subsequent a d d i t io n  of 
NO2  over the  rem aining double bonds, forming (38) and (39) .
Topic two: The p h o to ly s is  r e a c t io n s  of humulene n i t r o s i t e
when i r r a d i a t e d  w ith  red  l i g h t  
Humulene n i t r o s i t e  e x i s t s  in  two c r y s t a l l i n e  forms, which 
c o n s i s t  o f  need les  or p l a t e l e t s ,  and bo th  forms produce the  same 
param agnetic  sp ec ie s  when i r r a d i a t e d  w ith  red  l i g h t .  In a l l ,  s ix  
d i f f e r e n t  n i t r o x id e  r a d i c a l s  have been genera ted  photochem ically  
from humulene n i t r o s i t e .  Four n i t r o x id e  r a d i c a l s  (19a),  (19b), (20 ) ,  
and (21) are  ob ta ined  when c r y s t a l l i n e  humulene n i t r o s i t e ,  or 
s o lu t io n s  of the  n i t r o s i t e  in  the a p r o t ic  so lv en ts  chloroform , to lu en e ,
and benzene a re  i r r a d i a t e d  w ith  red  l i g h t .  A f i f t h  n i t r o x id e  
r a d ic a l  (29) i s  generated  by i r r a d i a t i n g  s o l id  s o lu t io n s  of humulene 
n i t r o s i t e  (17) in  d in itro -hum ulene  (24) w ith  red  l i g h t .  The two 
mechanisms desc rib ed  below a re  invo lved  in  the form ation  of th ese  
r a d i c a l s .
1) In  the  f i r s t  mechanism the n i t r o s o  group absorbs a quantum of
red  l i g h t  inducing an n -»■'TT t r a n s i t i o n ,  which r e s u l t s  m  the
c leavage of the  C-N bond, forming the a l i p h a t i c  r a d i c a l  (18)
and NO. This a l i p h a t i c  r a d i c a l  (18) r e a c t s  w ith  humulene
n i t r o s i t e  forming n i t r o x id e  r a d i c a l s  (19a) and (19b).
• •
2) The second mechanism involves  the  d isp lacem ent of NO and NO^  
from molecules of humulene n i t r o s i t e  or d in itro -hum ulene  (24 ) , 
by the  red  e x c i te d  n i t r o s o  group of a ne ighbouring  molecule of 
humulene n i t r o s i t e ,  forming n i t r o x id e  r a d i c a l s  (19a),  (19b),
(2 0 ) ,  (21 ) , and (29).
The n i t r o x id e  r a d i c a l  (21) , when i r r a d i a t e d  w ith  w hite  
l i g h t  can re a r ran g e  to  a f u r th e r  n i t r o x id e  r a d i c a l  (33 ) ,  shown in
f ig u r e  S .2. The i n i t i a l  photochem ical s tep  fo r  t h i s  r e a c t io n  i s
*  . . .b e l ie v e d  to involve  an n + T T  t r a n s i t i o n  m  the n i t r o x id e  group.
The diam agnetic  sp ec ie s  observed when humulene n i t r o s i t e
i s  i r r a d i a t e d  w ith  red  l i g h t ,  form by the i n t e r a c t i o n  of the  n i t r o s i t e  
*  •
w ith  the  NO and NO^  l i b e r a te d  in  forming the n i t r o x id e  r a d i c a l s .
The mechanism involved i s  v i r t u a l l y  i d e n t i c a l  to  th a t  d esc ribed  
p re v io u s ly  fo r  the  re a c t io n  of humulene n i t r o s i t e ,  d is so lv e d  in  an 
a p ro t ic  s o lv e n t ,  w ith  the  oxides of n i t ro g e n .  Products  (54-59), and. 
(61-66) formed by a p rocess  of t ra n san n u la r  c y c l i s a t i o n ,  are  observed 
only when the p l a t e l e t  c r y s t a l s  of humulene n i t r o s i t e  a re  i r r a d i a t e d .  
The conformation of the n i t r o s i t e  molecules in  the needle  c r y s t a l s  
appears to be u n s u i ta b le  fo r  such c y c l i s a t io n s .
The photochem istry  of c.aryophyllene n i t r o s i t e  has in  
p a r t  been s tu d ie d 'b y  p rev ious  w orkers. In  t h i s  p re s e n t  in v e s t ig a t i o n  
the  photochem istry  of caryophy llene  n i t r o s i t e ,  was shown to  proceed 
v ia  mechanisms analogous to those  desc rib ed  fo r  humulene n i t r o s i t e .
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1CHAPTER 1 
INTRODUCTION
1 . 1 Free r a d ic a l s
The f i r s t  a u th e n t ic a te d  o rgan ic  f r e e  r a d ic a l  tr ip l ien y lm e th y l , 
was d iscovered  by Gomberg in  1900.^ Since t h i s  i n i t i a l  d isco v e ry ,  
many " s t a b le "  f r e e  r a d ic a l s  have been i s o la t e d  and p u r i f i e d ,  and the 
e x is ten c e  of r a d i c a l s  as sh o r t  l iv e d  t r a n s i e n t s  formed during  the  
course of chemical r e a c t io n s  has become a commonly accepted  concept.
The presence o f a f r e e  va lence  tends to  make most r a d i c a l s  h ig h ly  
r e a c t iv e ,  many having l i f e t im e s  of the  o rder of m ic ro - ,  o r m i l l i ­
seconds, un less  they a re  trapped  w ith in  an i n e r t  m a tr ix .
The most c h a r a c t e r i s t i c  p ro p e r ty  of any f r e e  r a d ic a l  i s  
the  paramagnetism a r i s in g  from the  sp in  and o r b i t a l  motions of the  
f r e e  e le c t ro n s .  The development of e le c t ro n  param agnetic  resonance 
spectroscopy proved to  be a very  powerful to o l  in  the  exam ination of 
f r e e  r a d i c a l s ,  being ab le  to  d e te c t  even sh o r t  l iv e d  t r a n s i e n t s ,  by 
the  a p p l ic a t io n  of flow systems.
One group of r a d ic a l s  which were e x te n s iv e ly  s tu d ie d  as a
r e s u l t  of the development of e . p . r .  spec tro scopy , were the  n i t r o x id e s .
2The f i r s t  o rgan ic  n i t r o x id e  to  be p rep a red , was porphyrex ide , a 
h e te r o c y c l ic  f r e e  r a d i c a l .
o
Porphyrexide
Many o rgan ic  n i t r o x id e  r a d ic a l s  have now been p rep a red ,
and they  appear to  have an in h e re n t ly  s ta b le  e l e c t r o n i c  arrangement
around the  n i t ro g e n  and oxygen atoms, the bond o rder being  1 .5 ,
 *
w ith  the  unpaired e le c t r o n  in  aTT o r b i t a l .  The o rgan ic  n i t r o x id e  
r a d i c a l s  show no tendency to d im erise  a t  the  NO c e n t r e ,  however 
t h e i r  s t a b i l i t y  i s  a f f e c te d  by the  groups a t ta ch e d  to  the  n i t ro g e n ,
the  presence  of a p ro ton  on the  carbon a  to  the  n i t ro g e n  r e s u l t i n g
4 . .m  a d is p ro p o r t io n a t io n ,  and groups which allow  d e lo c a l i s a t i o n
of the  va lence  e le c t ro n  may cause d im e r isa t io n  a t  some o th e r  c e n tre  
in  the  m olecule.
1 .2 .  The g e n e ra t io n  of n i t r o x id e  r a d ic a l s  from C -n i t ro so
compounds
The work o u t l in e d  in  t h i s  th e s i s  involves  a genera l  
study of the  p h o to ly s is  and r a d ic a l  r e a c t io n s  of humulene n i t r o s i t e ,  
and the  fo llow ing  i s  a b r i e f  review of the  methods involved in  
g en e ra t in g  n i t ro x id e  r a d ic a l s  from C -n i t ro so  compounds of re levence  
to  t h i s  work.
Organic n i t r o s o  compounds a re  known to  e x i s t  in  e i t h e r  
the  monomeric, o r d im eric  forms, o f te n  forming an e q u i l ib r iu m  in  
solution."* ^
'9  ♦R-NO . .. R-N=N-R
+ 6 -
blue  c o lo u r le s s
In  e a r ly  s tu d ie s  of the  p h o to ly s is  and p y ro ly s is  r e a c t io n s
of o rgan ic  n i t r o s o  compounds using  e . p . r .  tech n iq u es ,  f r e e  r a d ic a l s
were observed, which a f t e r  some i n i t i a l  d isag ree m e n t ,7*8,10,11 were
confirmed to  be n i t r o x id e  r a d i c a l s .  I t  was i n i t i a l l y  u n c lea r  whether
the n i t r o s o  m o n o m e r , o r  d i m e r , was the  source of the  r a d i c a l s .
12The n i t r o s o  monomer was e v en tu a l ly  confirmed to  be the  p re c u rso r ,
3the i r r a d i a t i o n  of a l i p h a t i c  n i t r o s o  compounds w ith  red l i g h t ,  
and arom atic  n i t ro s o  compounds w ith  u l t r a - v i o l e t  l i g h t , ^  
s t im u la t in g  an n p *  t r a n s i t i o n ^  in  the  n i t r o s o  group, which 
was then  p o s tu la te d  to  lead to the  p roduc tion  of n i t r o x id e  r a d ic a l s  
in  e i t h e r  o f  the two fo llow ing ways,
1. The e x c i te d  n i t r o s o  sp ec ie s  may undergo C-N bond cleavage 
producing a lk y l  or a ry l  r a d i c a l s ,  which a t ta c k  a second 
molecule o f  the  n i t r o s o  compound forming the  n i t r o x id e  
r a d i c a l .
R-NO  > R* + NO*
R* + RNO ------------------------ > R2N = 0
2. The e x c i te d  n i t r o s o  s p ec ie s ,  could d isp la c e  n i t r i c  oxide 
from a neighbouring unexcited  molecule o f  the  n i t r o s o
compound, as shoxm below.
h v *R-NO  —  ♦ RNO
RNO + RNO -----------------------> R2N = 0 + NO*
The p y ro ly s is  o f  C -n itro so  compounds forms n i t r o x id e
7 12 17 18r a d i c a l s  by a p rocess  invo lv ing  the cleavage of the  C-N bond. 9X9 9
The re a c t io n  of C -n itro so  coumpounds w ith  a lk y l  and a ry l
7 19 20r a d ic a l s  forming n i t r o x id e  r a d i c a l s ,  has been w ell e s ta b l i s h e d ,  ’ *
19 21-23C -n itro so  compounds being  f re q u e n t ly  used as r a d ic a l  scavangers . 9
C urren t l i t e r a t u r e  su g g es ts ,  t h a t  C-N bond c leavage , w ith  the
form ation  of n i t r o x id e s  i s  general to  the  p h o to ly s is  of C -n itro so  
2£_28compounds. No d e f i n i t e  evidence as to whether mechanism 2
does o r does n o t  o p era te  i s  a v a i l a b le ,  and a lthough  th e re  i s  some
su gges tion  th a t  in  the s p e c i f i c  case of 1 -c y c lo p ro p y l- l -n i t ro e th a n e
29 .i t  does n o t ,  th e re  i s  no reason to-assume th a t  t h i s  ap p l ie s
g e n e ra l ly .
The dim eric  forms of C -n itro so  compounds can only
i n d i r e c t l y  undergo p h o to ly s is  r e a c t io n s  to  form n i t r o x id e  r a d i c a l s ,
7 12having f i r s t  to  be d is s o c ia te d  to  the  monomer, e i t h e r  by h e a t in g  ’
12or by i r r a d i a t i n g  m  u l t r a - v i o l e t  l i g h t .
1 .3 .  The photochem istry  of caryophyllene  n i t r o s i t e
The inc reased  knowledge of the  photochem istry  of C -n i t ro so
.compounds d iscussed  above, and the com pila tion  of the  magnetic
c h a r a c t e r i s t i c s  of n i t r o x id e  r a d i c a l s ,  which had r e s u l t e d  from the
advent of e . p . r  s p e c t r o s c o p y ,^  ^  co incided  w ith  a renewal in
i n t e r e s t  in  the  photochem istry  of caryophyllene  and i t s  d e r i v a t i v e s . ^
This prompted McConnell, P o r te  e t . a l . ,  to  re-exam ine the  p ro p e r t ie s
of caryophyllene  n i t r o s i t e  using  e . p . r .  spec troscopy .
An e x c e l le n t  review of the chem istry  and c ry s ta l lo g ra p h y
of caryophyllene  and i t s  d e r iv a t iv e s  has been w r i t t e n  by J .M on te ith
R obertson ."^  The s t r u c tu r e  of caryophyllene  (1) was determined by
Barton”*^  ^  and S o rm , '^ * '^  us ing  methods of chemical d eg rad a tio n .
However, X-ray c ry s ta l lo g ra p h y  was used to  g re a t  e f f e c t  by among
o th e rs  Robertson to e lu c id a te  the  s t r u c tu r e s  o f  caryophyllene
d e r i v a t i v e s ,  dem onstrating  the  remarkable ease w ith  which
caryophyllene undergoes c y c l i s a t io n s  and m olecular rea rrangem en ts ."^  ^
The c r y s t a l l i n e  n i t r o s i t e  of caryophyllene  was one of the
f i r s t  d e r iv a t iv e s  used by Chapman to  c h a r a c te r i s e  caryophyllene .^*^"*
This compound i s  a b r i l l i a n t  b lue  s o l id ,  the  n i t r o s o  group absorbing
red  l i g h t  of wavelength 6,700A, which induces an n -*TT t r a n s i t i o n .
51Caryophyllene n i t r o s i t e  i s  known to have s t r u c tu r e  (2 ) ,  the
s te reo ch em is try  having been deduced from the s t r u c tu r e  of the
i o d o n i t r o s i t e ,  formed by the re a c t io n  of the n i t r o s i t e  w ith  io d in e ,
66as shown in  f ig u re  1 .1 . The io d o n i t r o s i t e  (3) has been obta ined  in
a pure c r y s t a l l i n e  form and c ry s ta l lo g rap h y  has demonstrated t h a t  i t
67 68has the s te reo ch em is try  shown. * E .p . r .  s tu d ie s  have confirmed
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669th a t  the i o d o n i t r o s i t e  i s  a n i t r o x id e  r a d i c a l .  Caryophyllene
70n i t r o s i t e  i s  known to  form a b ro m o n i tro s i te  (4) by an e x a c t ly
analogous mechanism.
P r io r  to  the in v e s t ig a t io n s  of McConnell, P o r te  e t . a l . ,
v a r io u s  a ttem p ts  had been made to  study the e f f e c t  of l i g h t  on
71-77caryophyllene  n i t r o s i t e ,  bu t many of the r e s u l t s  were in c o n c lu s iv e ,
only the  gaseous products  having been id e n t i f i e d  as 86.1% and 
7613.9% McConnell, P o r te  e t . a l . ,  monitored the  i r r a d i a t i o n
of caryophyllene  n i t r o s i t e  in  red l i g h t  and u . v . l i g h t  us ing  an
70e . p . r .  sp ec tro m e te r ,  and dem onstrated , t h a t  i t  was a v e r s a t i l e  
source of n i t r o x id e  r a d i c a l s .  The i r r a d i a t i o n  of caryophyllene  
n i t r o s i t e  in  u .v .  l i g h t  produces the  n i t r o x id e  r a d i c a l  (5 ) .
However, the i n i t i a l  photochemical s tep  involves  the n i t r o  group 
and no t the  n i t r o s o  group. The fo llow ing im portant o b se rv a tio n s  
were made about the  n i t r o x id e  r a d ic a l s  formed when s o l id  caryoph­
y l le n e  n i t r o s i t e ,  or s o lu t io n s  of the  n i t r o s i t e ,  were i r r a d i a t e d  
in  red  l i g h t .
1. The n i t r o x id e  r a d ic a l s  observed appeared to  form by 
mechanisms, which w ith  s l i g h t  m o d if ic a t io n s ,  were in  
agreement with those p o s tu la te d  by prev ious workers s tudy­
ing  the  p h o to ly s is  of C -n itro so  compounds, and in  
p a r t i c u l a r  i t  was dem onstrated, th a t  a t ra n san n u la r  
a d d i t io n  to  the  exomethyllene group of caryophyllene  
n i t r o s i t e  in  the manner shown in  f ig u re  1 .2 .  did  not
take p la c e .
2. The paramagnetic spec ies  observed, when s o lu t io n s  of 
caryophyllene  n i t r o s i t e  were i r r a d i a t e d  in  red l i g h t ,  
were dependent on whether a p r o t i c  or an a p ro t ic  so lv en t  
was used. When the n i t r o s i t e  was i r r a d i a t e d  in  so lu t io n
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8i n  e th a n o l ,  the red e x c i ted  n i t r o s o  sp ec ie s  appeared 
to  i n t e r a c t  w ith  the so lv en t  m olecu les , forming the 
diam agnetic  hydroxylamines (6) and (7 ) ,  which on 
s tan d in g  in  a i r  ox id ised  to  the  n i t r o x id e  r a d ic a l s  (8) 
and (9 ) ,  as shown in  f ig u re  1 .3 .
3. Two n i t r o x id e  r a d i c a l s ,  which fo r  the purposes of t h i s  
t h e s i s  a re  c a l l e d  I* and I I 1, were observed when s o l id  
caryophyllene  n i t r o s i t e  and s o lu t io n s  of caryophyllene  
n i t r o s i t e  in  a p ro t ic  so lv e n ts  such as benzene, or 
to lu e n e ,  were i r r a d i a t e d  in  red  l i g h t .  F igure  1 .4 .  
i l l u s t r a t e s  the mechanism p o s tu la te d  to ex p la in  the  
fo rm ation  of these  two r a d ic a l s  I ’ (10) and I I 1 (11) . 
N itro x id e  r a d ic a l  I 1 (10) can c l e a r ly  from by e i t h e r  of 
the  two mechanisms d iscussed  e a r l i e r  to  ex p la in  the  form ation  of 
n i t r o x id e  r a d ic a l s  observed, when C -n itro so  sp ec ie s  a re  i r r a d i a t e d  
i n  red  l i g h t .  The red  e x c i te d  n i t r o s o  group e i t h e r  undergoes 
a C-N bond c leavage, forming the  a l i p h a t i c  r a d ic a l  (12) which 
i n t e r a c t s  w ith  caryophyllene  n i t r o s i t e  to  form n i t r o x id e  r a d ic a l  
I* (1 0 ) ,  o r d is p la c e s  n i t r i c  oxide from a neighbouring unexcited  
m olecules of caryophyllene  n i t r o s i t e .
The form ation of n i t r o x id e  r a d ic a l  I I f (11 ) ,  i s  of 
more i n t e r e s t ,  in  th a t  i t s  p resence  in d ic a te s ,  t h a t  one of the  
fo llow ing  two mechanisms is  in  o p e ra t io n .
1. The p h o to ly t ic  c leavage of the  C-N bond of the n i t r o s o  
group, i s  followed by the  lo s s  of NO* 2  r e s u l t i n g  in  the  
fo rm ation  of an isomer of caryophy llene , which can i n t e r ­
a c t  w ith  a red  e x c i ted  molecule o f  caryophyllene  
n i t r o s i t e ,  to  form n i t r o x id e  r a d ic a l  II* (11 ) .
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2. A l te rn a t iv e ly  the red e x c ited  n i t r o s o  group can d isp la ce  
the  n i t r o  group of a neighbouring molecule of caryoph­
y l le n e  n i t r o s i t e ,  forming a n i t r o x id e  in te rm ed ia te  I I I*  (13) , 
shown below, which r e t a in s  a n i t r o s o  chromophore, and 
which on f u r th e r  i r r a d i a t i o n  in  red l i g h t ,  would rea rran g e  
to  n i t r o x id e  r a d ic a l  II*  (11).
NO
NO,
N itro x id e  r a d ic a l  I I I*  (13)
- N O  -  H
NO,
N itro x id e  r a d ic a l  II* (11)
This work by McConnell, P o r te ,  e t . a l . ,  thus l e f t
m echan is tic  problems s t i l l  to  be answered, and a lso  the  n i t r o x id e
r a d ic a l s  I f and II*  were no t e x tra c te d ,  p u r i f i e d ,  and unambiguously
c h a ra c te r i s e d  and shown to  have the s t r u c tu r e s  (10) and (11).
1 .A. The r a d ic a l  and photochemical re a c t io n s  of humulene n i t r o s i t e
The in v e s t ig a t io n s  re p o r ted  in  th i s  th e s i s  involved a study
of the  photochem ical, and r a d ic a l  r e a c t io n s  of humulene n i t r o s i t e .
The s t r u c tu r e  of the se sq u ite rp en e  humulene (14 ) ,  was
e s ta b l i s h e d  by a combination of o rgan ic  chemical d eg rad a tio n  s tu d ie s  
78-90on humulene, and X-ray work on i t s  s i l v e r  n i t r a t e  complex by
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Sini and o th e r s ,  which provided i t s  a b so lu te  s te reo ch em is try
and an in s ig h t  in to  i t s  p re fe r re d  conformation in  the l i q u id .  Like
caryophy llene , humulene r e a d i ly  undergoes i n t e r e s t i n g  t ra n san n u la r
r e a c t io n s ,  the eleven membered t r i e n e  r in g  a llow ing c y c l i s a t io n s
to t r i c y l i c  compounds e .g ;  when re a c te d  w ith  su lp h u r ic  a c id  i t
94-96produces a  caryophyllene  a lcoho l (15 ) ,  and trea tm en t w ith
N-bromosuccinimide produces the  c y c l i s a t i o n  shown below, forming
97 98humulene bromohydrin (1 6 ) . '  *
H O '
N-bromosuccinimide
(14) (16)
The b lue  c r y s t a l l i n e  n i t r o s i t e  of humulene was prepared  
by Chapman fo r  use in  c h a r a c te r i s in g  humulene. No e x ten s iv e  s tu d ie s  
had been c a r r ie d  out in to  the  p roducts  formed when humulene n i t r o s i t e  
was i r r a d i a t e d  w ith  red  l i g h t ,  and indeed the  s t r u c tu r e  of the  n i t r o s i t e  
i t s e l f ,  had no t been determ ined. The i n i t i a l  o b je c t iv e s  of the 
re se a rc h  d esc ribed  in  t h i s  th e s i s  can thus be summarised under 
th re e  head ings .
1. The f i r s t  o b je c t iv e  was to determ ine the s t r u c tu r e ,
and ab so lu te  s te reo ch em is try  of humulene n i t r o s i t e ,  by 
1 13comparing i t s  H n .m . r . ,  C n .m . r . ,  i n f r a - r e d ,  and mass 
s p e c t r a ,  w ith  the  corresponding s p e c t ra  of caryophyllene  
n i t r o s i t e ,  the  s t r u c tu r e  and s te reo ch em is try  of which a re  
known. In  p a r t i c u l a r  i t  was to  be determined whether 
^ 0 ^ added d i r e c t l y  over one o f  the  double bonds, or
whether the  p roducts  had c y c l ise d  in  a manner s im i la r  
to  humulene bromohydrin (16) .
2. The second o b je c t iv e  was to  fo llow  the i r r a d i a t i o n  of 
s o l id  humulene n i t r o s i t e ,  and i t s  s o lu t io n s  in  the  a p r o t ic  
so lv en ts  chloroform , benzene, and to lu en e ,  in  red l i g h t ,  
in  o rder to  achieve the fo llow ing  two o b je c t iv e s .
a .  F i r s t  i t  was hoped to determ ine whether humulene 
n i t r o s i t e  forms n i t r o x id e  r a d ic a l s  in  a manner analogous
to  caryophyllene n i t r o s i t e ,  and i f  so , to dev ise  experiments 
to  check the exac t d e t a i l s  of the mechanisms invo lved .
b .  Second to  r e l a t e  any d i f f e r e n c e s  observed in  the  
mechanisms involved in  the p h o to ly s is  of humulene n i t r o s i t e  
and caryophyllene n i t r o s i t e ,  to  s t r u c t u r a l  d i f f e r e n c e s  in  
the  p a ren t  m olecules.
I f  humulene n i t r o s i t e  diet no t  i t s e l f  have a c y c l ise d  
s t r u c t u r e ,  having formed by the a d d i t io n  of over one o f  the
double bonds, then the p h o to ly s is  r e a c t io n  might produce the  types 
of sp ec ie s  d iscussed  below.
b^. Products might form by tra n san n u la r  c y c l i s a t i o n  
of the a l i p h a t i c  r a d ic a l s  formed by the  C-N bond c leavage 
of the red -E xcited  n i t r d s o  group.
b 2 » A l te rn a t iv e ly  the red ex c i ted  n i t r o s o  group might 
undergo a tra n san n u la r  a d d i t io n  to  the  carbon to  carbon 
bonds in  the  r in g .
3. The th i r d  o b je c t iv e  was to  i s o l a t e ,  and c h a r a c te r i s e ,  
us ing  a l l  re le v e n t  sp ec tro sco p ic  te chn iques , the  p a ra ­
magnetic spec ies  produced.
The more re c en t  l i t e r a t u r e  concerning the photochem istry  
of C -n i t ro so  s p e c ie s ,  has involved ex ten s iv e  s tu d ie s  of the  diagmagnet 
sp ec ie s  formed during the  secondary dark r e a c t io n s ,  which follow  the
14
i n i t i a l  photochemical s tep  of C-N bond cleavage of the  n i t r o s o  group, 
This work i s  d iscu ssed  in  l a t e r  ch ap te rs  of t h i s  t h e s i s .
-K--. r: i ;
1 " 'r .
>. Vi.p; ■ ■
'.'-X /  ■■■'■.r-Ci
' V 1 * '
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CHAPTER 2
INITIAL STUDIES OF THE PRODUCTS OBTAINED FROM THE 
PHOTOLYSIS REACTIONS OF HUMULENE NITROSITE 
IRRADIATED WITH RED LIGHT
2 .1 .  D eterm ination  of the  s t r u c tu r e  of humulene n i t r o s i t e
The sm all amount of humulene n i t r o s i t e  used in  the  i n i t i a l
s tu d ie s  d esc r ibed  in  t h i s  chap te r  was k in d ly  donated by Dr. S.T .R.S.
M itc h e l l ,  who in  the  1930’s ,  had used the  substance  in  e a r ly  work on 
71the Cotton e f f e c t  and m  s tu d ie s  of asymmetrical photochemical
72re a c t io n s ,  in v o lv ing  c i r c u l a r l y  p o la r i s e d  l i g h t .  M itch e ll
i
p repared  the  n i t r o s i t e  accord ing  to  the  method described  by Chapman, 
which allows f o r  one e q u iv a len t  of NO^  + NO* r e a c t in g  w ith  one 
e q u iv a len t  of humulene (14 ) .  An e lem enta l a n a ly s is  fo r  the  elements 
C,H, and N has confirmed, th a t  the  sample of n i t r o s i t e  has the  
em pir ica l  formula ^ ase<  ^ on t *ie r e s u l t s  shown in  appendix
2 , t a b le  2 . 1 .
In  determ ing the  s t r u c tu r e  of humulene n i t r o s i t e  a 
c a r e fu l  c o n s id e ra t io n  must be given to  the  manner in  which one 
e q u iv a len t  of N^0^ can r e a c t  w ith  humulene (14) . The fo llow ing 
p o in ts  need to  be c lea re d  up.
1. Does the  NO  ^ a t t a c h  through the oxygen as a n i t r i t e ,  
or through the  n i t ro g e n  as a n i t r o  grouping?
2. In  forming the n i t r o s i t e ,  does the  e leven  membered t r i e n e
r in g  of humulene undergo the type of t ra n sa n n u la r  r e a c t io n
97 98involved  in  the  form ation of humulene bromohydrin (16) *
as was d iscu ssed  in  chap ter  1 ?
3. Does the  add d i r e c t l y ,  across  one o f the humulene
double bonds, g iv ing  a n i t r o s i t e  of s t r u c tu r e  x ,y ,  o r  z
16
as shown below, or one of the  s t r u c t u r a l  isomers ob ta ined  
by in te rch an g in g  the n i t r o s o ,a n d  n i t r o  groups?
NO
-NO
NO.
NO
X Y Z
4. . F in a l ly  what i s  the  p re c is e  s t r u c t u r a l  c o n f ig u ra t io n
of the  isomers and what are  t h e i r  p r e fe r r e d  conformations,?
To determ ine the  above p o in t s ,  use was made of the s i m i l a r i t y
in  s t r u c tu r e  of humulene (14 ) ,  and the se sq u ite rp en e  caryophyllene  ( 1 ) ,
the  s t r u c tu r e  of whose n i t r o s i t e  d e r iv a t iv e  i s  a c c u ra te ly  known. A
1  13comparison was undertaken of the  H n .m . r . ,  C n . m . r . ,  i n f r a - r e d ,  
and mass s p e c t ra  of caryophyllene  n i t r o s i t e  ( 2 ) ,  and humulene n i t r o s i t e .  
The p e r t i n e n t  da ta  ob ta ined  from th ese  sp ec tro sco p ic  te ch n iq u es ,  a re  
summarised in  t a b le s  2 .2 ,  2 .3 ,  2 .4 ,  and 2 .5 ,  r e s p e c t iv e ly  in  
appendix 2. F igu res  2 .1 ,  and 2 .2 ,  compare the  n .m .r .  sp e c t ra  
in  the  T ranges 3 to 10 and 4 to 5 r e s p e c t iv e ly .
From the above comparisons the  fo llow ing  p o in ts  emerged.
1. The N0^ adds through the n i t ro g e n  as a n i t r o  grouping,
1 13 .the  H n .m . r . ,  and C n .m . r . ,  showing f t iu l t ip le ts  a t
x = 3 .86 , and 88.9 p .p .m . r e s p e c t iv e ly ,  which a re  c o n s is te n t
w ith  the  fo llow ing s t r u c tu r e .   ^ _
I
— CH— C— HI  -f  —
N° 2
The in f r a - r e d  spectrum of humulene n i t r o s i t e  c l e a r ly  shows 
the  asymmetric and symmetric s t r e t c h in g  ab so rp tio n s  of a
n i t r o  group a t ta ch ed  to  a secondary carbon atom a t  1560 cm \
- 1  .
1360 cm , r e s p e c t iv e ly ,  and no ab so rp tio n s
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3  4 .  5, 6  7 8  9 10 t
Figure 2 .1  The H n .m .r .  s p e c t r a  of s o lu t io n s  of (A) humulene n i t r o s i t e
*
and (B) caryophyllene  n i t r o s i t e  ( 2 ) in  CDC1 3  recorded  in  the 
T range  3 to  10.
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(A)
- ______________________I1
(B)
Figure 2 .2  The H n .m .r .  sp ec tra  in  the  T range 4 to  5 of (A) humulene
n i t r o s i t e  and (B) caryophyllene  n i t r o s i t e  in  CDCl^ so lu t io n ,
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compatible w ith  the presence of a n i t r i t e  a re  observed.
On a d d i t io n  of ^ 0 ^  to  humulene, no tra n s an n u la r  c y c l i s a t io n s  
take  p la c e .  Such rearrangem ent r e a c t io n s  would remove as 
shown below, two or th re e  of the  double bonds, and produce 
a cyclopropyl r in g  s t r u c tu r e
a .
NO. N O ,
13 n .m . r . ,  and in f r a - r e d  s p e c t r a ,  c l e a r lyThe H n .m .r
show the  r e t e n t io n  of the fo llow ing s t r u c tu r e s
-C H
H
. / CH3
N ih -
2
H'
; / H
^ C H  —  
2
and no evidence fo r  cyclopropyl p ro tons  a t  T > 9 .0  i s  found 
in  the n .m .r .  spectrum. The e th y le n ic  reg ion  of the 
humulene n i t r o s i t e  n .m .r .  spectrum in te g r a te s  fo r  four 
p ro to n s .
The obviously  adds d i r e c t l y  over one of the  double
bonds of humulene. As the t r a n s  double bond i s  r e ta in e d ,  
s t r u c tu r e  Z can be d iscoun ted , and n .m .r .  he lp s  to  
d i s t in g u is h  between s t r u c tu r e s  X and Y by showing the 
p resence  of n ine a l l y l i c  p ro to n s ,  which i s  only c o n s is te n t  
w ith  s t r u c tu r e  X. Furthermore s t r u c tu r e  Y co n ta in s  the 
s t r u c t u r a l  u n i t  C=C-CH2 ”C=C, which would have been expected 
to  give p ro ton  resonance s ig n a l s  a t  T v  7 .1 ,  and no resonances 
a re  observed in  t h i s  reg ion  of the  spectrum.
20
Humulene n i t r o s i t e  has s t r u c tu r e  X w ith  the  NO^  and NO' having 
added in  the o rd e r  shown below.
Humulene n i t r o s i t e  (17)
1 13The H n .m .r .  and C n .m .r .  show the p resence  of the
fo llow ing  groupings,
— C H t - O - H  C H r - C - N O
N O "  C H 3
1  1
H  n .m .r .  m u l t ip le t  t=3 .86  H n .m .r .  s i n g l e t  x=8.75
13 13C n .m .r .  88.9 p .p .m . C n .m .r .  102.1 p .p .m .
b u t show no resonances a t t r i b u t a b l e  to  the grouping ^  ^ - ch
^  N O
1  2  which would a r i s e  a t  T 'v  8 .0  m  the  H n .m .r .  spectrum.
This a ttachm ent o f  the  n i t r o s o  group to  the  t e r t i a r y  carbon i s
chem ically  sound, as a secondary n i t r o s o  grouping would rea rran g e
99 . . . .to  an oxime and the n i t r o s i t e  would lo se  i t s  c h a r a c t e r i s t i c
b lue  co lo u r .  The in f r a - r e d  spectrum showed no ab so rp tio n s
c o n s i s te n t  w ith  the  presence of oximes.
72 . .E arly  s tu d ie s  by M itch e ll  showed humulene n i t r o s i t e  to
be a racemic m ixture  of enantiom ers. The ^H n .m .r .  of humulene 
n i t r o s i t e  shows no d u p l ic a t io n  of s ig n a ls  fo r  p ro tons  on the 
asymmetric carbon atoms, or on the  a d jacen t  carbon atoms, of the 
type which might in d ic a te  the  presence of d ia s te re o m e rs . I t  
would thus appear th a t  the a d d i t io n  of ^ 2 ^ 3  ac ross  t * 1 6  double bond 
of humulene i s  s t e r e o s p e c i f i c ,  the  most l i k e ly  product being an
21
an e n t i r e l y  t ra n s  c o n f ig u ra t io n ,  the  c i s  c o n f ig u ra t io n  lead ing  
to  a s t e r i c a l l y  congested p ro d u c t.
Sim has suggested , t h a t  humulene could have the p re fe r re d  
conform ation shown in  f ig u r e  2 . 3 . * ^
12
NO. .ON
Figure  2 ,3  The r e a c t io n  of humulene in  i t s  p r e fe r r e d
conformation w ith  MLO.2 3
Humulene in  s o lu t io n  i s  conform ationa lly  mobile and r e a d i ly  i n t e r ­
conver ts  between the two m ir ro r  image forms of the  p re fe r r e d  conform ation. 
F igure  2 .3  shows the racemic m ixture  of enantiomers of humulene n i t r o s i t e ,  
formed by a t r a n s  d ia x ia l  a d d i t io n  of on t *iese p re fe r r e d
conformations of humulene i n i t i a t e d  by a f r o n ta l  a t ta c k  of NO^. The 
conformation of humulene n i t r o s i t e  shown in  f ig u r e  2 .3 .  i s  in  good 
agreement w ith  the  experim ental coupling co n s tan ts  found in  the 
Hi n .m .r .  spectrum fo r  th re e  key p o s i t io n s  of th e  m olecule, which 
a re  d iscussed  below.
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1. In  the u n i t  I H i s  the
• — c\  / H ? /  xC - _ _ C
Y H - S  HA
X p a r t  of an ABXY spectrum J  =* 9 .0  Hz. and J  = 4.0  Hz.
AX BX
These coupling  c o n s tan ts  a re  in  accord w ith  the  d ih e d ra l
ang les  of ~  180° and found in  the  above conform ation.
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2 . Ih  the  u n i t  f-j Q|-j the und e rl in ed
: > = < 3 
" - i s .
pro ton  i s  the  X p a r t  of an ABX system w ith  J = 9 Hz. and
A X
J  = 3 .5  Hz. These coupling co n s ta n ts  a re  in  accord w ith  BX
the d ih e d ra l  angles  of approxim ately 180° and i>P° found
f o r  the  above conform ation.
8 1
3. For the  u n i t  — Q— the d ih e d ra l  ang les  are
6  7l
- C H  —  C —  N0„
2 1 2
H_
^ 90° and 150°. The und e rl in ed  p ro ton  gives a s ig n a l  a t
T = 3 .86 , which i s  s p l i t  in to  a double t J  = 8  Hz. The
d ih e d ra l  angle  of 90° would ex p la in  the  zero coupling  to  one
of the  neighbouring  p ro to n s ,  however the  conform ational
m o b il i ty  of the  molecule r e s u l t s  in  co n s id e rab le  broadening
of the  resonances . Some of t h i s  broadening may a lso  be due
to  hydrogen bonding, s ince  in  f ig u re  2 .3 .  the  a c id ic  p ro ton
on l i e s  a d jacen t  to  the n i t r o s o  group. i s  d e tec ted
13m  the  p a r t i a l l y  p ro ton  decoupled C n .m .r .  spectrum as a 
d o u b le t .a t  88.9 p .p .m .
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2 .2 .  R ad ica ls  ob ta ined  when humulene n i t r o s i t e  and so lu t io n s  
of humulene n i t r o s i t e ,  a re  i r r a d i a t e d w ith  red l i g h t  
The in te n s e  b lue  colour a s s o sc ia te d  w ith humulene n i t r o s i t e
(17 ) ,  i s  the  r e s u l t  of an a b so rp tio n  in  the  v i s i b l e  spectrum a t
o *6,700A a r i s i n g  from an n ■> “TT t r a n s i t i o n  in  the n i t r o s o  group.
In  th e  case of caryophyllene  n i t r o s i t e ,  the  e x c i t a t io n  of the
n i t r o s o  grouping brought about by i r r a d i a t i n g  in  red  l i g h t ,  leads
to  the  p ro duc tion  of n i t r o x id e  r a d i c a l s . ^  F igure 1 .4 .  shows
the mechanism p o s tu la te d  by McConnell, P o r te ,  e t . a l . ,  to  e x p la in
the  form ation  of the  two n i t r o x id e  r a d i c a l s  I 1 (10) and I I ’ (1 1 ) ,
which a re  observed, when s o l id  caryophyllene  n i t r o s i t e ,  or i t s
s o lu t io n s  in  the  a p r o t i c  so lv en ts  benzene and to luene  a re  i r r a d i a t e d
w ith  red  l i g h t .  The mechanism invo lves  e i t h e r  a cleavage of the
C-N bond o f the  red  e x c i te d  n i t r o s o  group, or the  a t t a c k  of the
e le c t r o n  in  the  O -  framework of the  red e x c ited  n i t r o s o  group a t
a neighbouring  molecule o f  caryophyllene  n i t r o s i t e ,  forming the
two n i t r o x id e  r a d ic a l s  I ’ (10) and I I ’ (11 ) ,  and l i b e r a t i n g  NO*
and NO’ 2  p lu s  The composition of the  n i t ro g e n  c o n ta in in g
76gaseous p roducts  has been shown to  be 13.9% ^ 2 ^ 3  ai1  ^ 86.1% N2  
The i r r a d i a t i o n  of humulene n i t r o s i t e  in  red  l i g h t  was 
in v e s t ig a te d  using  e . p . r .  spec troscopy , to  determine i f  i t  a lso  
was a v e r s a t i l e  source of n i t r o x id e  r a d ic a l s  and whether the  b a s ic  
mechanism of the  p h o to ly s is  was s im i la r  to th a t  observed fo r  
caryophyllene  n i t r o s i t e  o r  i f  d i f f e r e n c e s  a r i s i n g  from the 
d i f f e r e n c e s  in  s t r u c tu r e  of humulene n i t r o s i t e  and caryophyllene  
n i t r o s i t e  could be d e tec ted .
2 .2 .1 .  The i r r a d i a t i o n  o f  a c r y s t a l l i n e  sample o f  humulene 
n i t r o s i t e  w ith  red l i g h t .
A s o l id  c r y s t a l l i n e  sample of humulene n i t r o s i t e  was
i r r a d i a t e d  in  a sea led  qu a rtz  tube in  the  absence of a i r ,  using 
l i g h t  from a tungsten  lamp in  con junc tion  w ith  a red  f i l t e r  
t r a n s m i t t in g  in  the  range 6,250 -  6,750 A°. The n i t r o s i t e  was 
observed to  slowly decompose to  a v iscous yellow  o i l ,  w ith  the 
e v o lu t io n  of gaseous p ro d u c ts .  The e . p . r .  spectrum of the  yellow  
o i l  reco rded  a t  295°K, i s  shown in  f ig u re  2 .4 .  The conclusions  
l i s t e d  below were made from an a n a ly s is  o f  the  l i n e  shape of 
t h i s  spectrum.
1. The l in e  shape i s  c o n s is te n t  w ith  th a t  p re d ic te d  f o r  a
p o ly c r y s ta l l in e  sample of n i t r o x id e  r a d i c a l s ,  which have
a s in g le  unpaired e le c t ro n  (S = £) in  an environment of
14ortho-rhom bic symmetry, and w ith  coupling to  N ( I  = 1 ) .
The l i n e  w idths a re  broad, and i t  i s  p o s s ib le ,  t h a t  more 
than  one type of n i t r o x id e  r a d ic a l  i s  p r e s e n t ,  w ith  
p o ss ib ly  a d d i t io n a l  coup lings , such as hydrogen (X = \ ) , 
which a re  n o t re so lv ed .
2. W ithin t h i s  v iscous  m a te r ia l  the  tumbling motions o f  the  
r a d ic a l s  a re  of too low a frequency to average out magnetic 
a n i s o t r o p ie s .  This su g g es ts ,  t h a t  the  n i t r o x id e  r a d i c a l s  have 
a h igh m olecular w eight.
3. The sample appears to  be m ag n e t ica l ly  d i l u t e ,  i n d ic a t in g ,  
e i t h e r  th a t  the  molecules a re  s u f f i c i e n t l y  la rg e  to  screen  
the  n i t r o x id e  groupings, or th a t  o th e r  diam agnetic  spec ies  
a re  p re s e n t .
The spectrum shown in  f ig u re  2 .5 .  i s  ob ta ined  a t  295°K 
from a d i lu t e  s o lu t io n  of the  yellow  v iscous  p h o to ly s is  product 
in  chloroform , which has been thoroughly degassed . Two n i t r o x id e  
r a d i c a l s  appear to  be p re s e n t .
R adical I  The paramagnetic resonance spectrum of r a d ic a l  I  
c o n s is t s  o f  1 :1 :1  t r i p l e t  [ iso tro p ic  <g> = 2.0058 ± 0.0003;
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14 * ii s o t r o p i c  a ( N) = 14.6 ± 0 , 2G:j, This r a d ic a l  c o n ta in s  the
•
m olecu lar  fragment R R-R C-NO-CR RCR , .1 2  3 4 3 6
R adica l I I  The param agnetic  resonance spectrum, of r a d ic a l  I I  
c o n s i s t s  o f  a 1 : 1 : 1  t r i p l e t ,  f u r th e r  s p l i t  in to  d o u b le ts ,  by
the  i n t e r a c t i o n  w ith  a $ p ro ton  [ i s o t r o p i c  <g> = 2.0058 ± 0.0003;
. 14 1i s o t r o p i c  a (  N) = 14.8 ± 0.2G; i s o t r o p i c  a (  H) * 5 .5  ± 0.5G:J.
This r a d i c a l  c o n ta in s  the  m olecular fragment R R0R C-N0~ chr r ,
1 2  3 4 5
I f  the  s o lu t io n  i s  l e f t  s tan d in g ,  n i t r o x id e  r a d i c a l  I I  decom­
p o ses ,  most probably undergoing a d is p ro p o r t io n a t io n  r e a c t io n  of 
the  type  shown below.
0 OH 0 -
R\  A .  / H R\  / H ft ,  . 1«-V * - /  V-R R_V+\ _ R
A  /  \  /  \ r
N itro x id e  Hydroxylamine N itrone
2*2.2 R ad ica ls  ob ta ined  when so lu t io n s  of humulene n i t r o s i t e ,  
in  chlorofrom , to lu e n e ,  and benzene a re  i r r a d i a t e d  w ith  
red  l i g h t
When a 0.2M s o lu t io n  of humulene n i t r o s i t e  in  e th a n o l -  
f r e e  chloroform  i s  thoroughly  degassed and i r r a d i a t e d  w ith  red 
l i g h t ,  then  the e . p . r .  spectrum shown in  f ig u r e  2 . 6  i s  ob ta ined  
from the p ro d u c ts .  Two n i t ro x id e  r a d i c a l s  appear to  be p re sen t  
and w ith in  the l i m i t s  of experim ental e r r o r ,  t h e i r  i s o t r o p ic  
<g> f a c to r s  and i s o t r o p ic  coupling  c o n s ta n ts ,  a re  c o n s i s te n t  w ith 
the  form ation  o f r a d ic a l s  I  and I I .  N itro x id e  r a d ic a l  I I  of course 
slowly decomposes to diamagnetic sp e c ie s ,  as i t  i s  formed.
S im ila r  r e s u l t s  a re  o b ta ined  i f  benzene, or to lu e n e ,  r a th e r  than 
chloroform  are  used as  so lv en t  in  t h i s  experim ent.
28
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The fo llow ing  two p o s tu la te d  p h o to ly s is  schemes 
"appear to be c o n s is te n t  w ith  the o b se rva tions  made in  se c t io n s
2 . 2 . 1 . and 2 . 2 . 2 .
1. Scheme I ,  shown in  f ig u re  2.7 i s  based on the mechanism
proposed by McConnell, P o r te ,  e t .  a l« ,  fo r  the  i r r a d i a t i o n  
of caryophyllene  n i t r o s i t e  under s im i la r  c ircum stances .
Two p rocesses  a re  conside red .
a) P h o to ly t ic  cleavage of the C-N bond of the  n i t r o s o  
group, produces an a l i p h a t i c  r a d ic a l  (18), which r e a c t s  
w ith  humulene n i t r o s i t e  forming a n i t r o x id e  r a d ic a l  (19 ) ,
co n ta in in g  the  s t r u c t u r a l  u n i t  R.R^R.C-NO-CR.R-R..1 2  3 4 5 6
b) A l te rn a t iv e ly  the  r a d ic a l s  may form due to  the  a t t a c k
of the  unpaired  e le c t ro n  in  the  a  framework o f a red
e x c i te d  n i t r o s o  group, a t  a neighbouring molecule of
humulene n i t r o s i t e ,  d isplacem ent of NO* producing n i t r o x id e
r a d i c a l  (19) co n ta in in g  the s t r u c t u r a l  u n i t  R,R«R^C-NO-CR,RCR -,
1 L 5 H D D
and displacem ent of NO  ^ producing an in te rm ed ia te  n i t r o x id e  
r a d ic a l  ( 2 0 ) ,  which would r e t a i n  a n i t r o s o  chromophcre.
F u r th e r  i r r a d i a t i o n  in  red  l i g h t  would cause the  i n t e r -  
mediate r a d ic a l  (20) to  lo se  NO, w ith  a subsequent 
rearrangem ent to  a n i t r o x id e  r a d ic a l  ( 2 1 ) ,  c o n ta in in g  the  
s t r u c t u r a l  u n i t  RjR2 R2 C-NO-CHR^ R<. .
The mechanism proposed by McConnell, P o r te ,  e t .  a l . ,  fo r  
the  i r r a d i a t i o n  of caryophyllene n i t r o s i t e  w ith  red  l i g h t ,  can be 
extended as shown in  f ig u re  2 . 8  to  inc lude  an in te rm ed ia te  r a d ic a l  
I I I  1 (1 3 ) ,  co n ta in in g  a n i t r o s o  grouping. In  the  s tu d ie s  of the 
p h o to ly s is  r e a c t io n s  of caryophyllene  n i t r o s i t e  recorded  in  the  
l i t e r a t u r e ,  no a ttem pt was made to  d e te c t  such an in te rm ed ia te  r a d i c a l .
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2. Scheme I I  i s  shown in  f ig u re  2 .9 ,  and invo lves  a
tra n sa n n u la r  a d d i t io n  of the  red  e x c i te d  n i t r o s o  group, 
to  e i t h e r  of the  carbon to  carbon t t  bonds p re se n t  in  the 
humulene n i t r o s i t e  s t r u c tu r e ,  producing in te rm e d ia te s ,  
which a re  immediately s t a b a l i s e d ,  e i t h e r  by the lo s s  of 
a p ro to n , or by some f u r th e r  in te rm o le c u la r  r e a c t io n  to  the  
TT systems of neighbouring m olecules . The a l i p h a t i c  
r a d i c a l s ,  o r t r i p l e t  s t a t e s ,  which might be a s s o c ia te d  w ith  
the  in te rm e d ia te s ,  could no t be d e te c te d  using  e . p . r .  
spec troscopy . Scheme I I  would however produce two n i t r o x id e  
r a d ic a l s  (22) and (23) , co n ta in in g  the  r e q u i s i t e  s t r u c t u r a l  
u n i t s  to  be compatible w ith  the experim ental r e s u l t s .  This 
second scheme has no d i r e c t  p receden t in  the  l i t e r a t u r e .
In  an a ttem pt to  d i s t in g u is h  between the  two mechanisms 
p o s tu la te d  above, the i r r a d i a t i o n  of s o l id  humulene n i t r o s i t e  w ith  
red  l i g h t  was followed in  an e . p . r .  spec tro m e te r ,  to  determ ine i f -  
an in te rm ed ia te  r a d ic a l  of the type p re d ic te d  by scheme I ,  formed. 
2 .2 .3  Monitoring the i r r a d i a t i o n  of c r y s t a l l i n e  humulene n i t r o s i t e  
w ith  red  l i g h t  as a fu n c tio n  of time in  an e .p . r . s p e c t r o m e te r  
F igure  2 .10 , shows the s p e c t r a ,  recorded  a t  p e r io d ic  
in t e r v a l s  during the i r r a d i a t i o n  of the  p o ly c r y s ta i l in e  samples of 
humulene n i t r o s i t e .  In  the i n i t i a l  s tag es  of the  i r r a d i a t i o n  the  
s p e c t r a  show a g re a te r  complexity than the  spectrum of r a d ic a l s  
I  + I I  shown in  f ig u re  2 .5 .  These s p e c t r a  were re - re co rd ed  a f t e r  
pumping fo r  one hour a t  le s s  than 0 .1  mm Hg p re s s u re ,  to  remove 
any gaseous p ro d u c ts ,  and the form of the  s p e c t r a  d id  not change, 
dem onstra ting , t h a t  the  e x t r a  s t r u c tu r e  was n o t  due to  trapped  
NO* or N0 *2 » The e . p . r .  s p e c t ra  are. in  f a c t  composed o f a
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Time
1.5 h r s .(A)
3 .0  h r s .(B)
(C) ,4.5 h r s .
8  h r s .
13.0 h r s .(E)
i l lL
3260 3300 3350 Gauss
F igure  2 .10 The e . p . r .  s p e c tra  of p o ly c r y s ta l l in e  samples of
humulene n i t r o s i t e  which have been i r r a d i a t e d  w ith  red 
l i g h t  fo r  r e s p e c t iv e ly ,  (A) 1 .5 h r s . ,  (B) 3 .0  h r s . ,  (C)
4.5 h r s . ,  (D) 8 .0  h t s . ,  and (E) 13.0 h r s .
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s u p e r -p o s i t io n  of the  fo llow ing s p e c t r a .
1) The p o ly c r y s ta l l in e  e . p . r .  spectrum of n i t r o x id e  
r a d ic a l s  I  p lu s  I I .
2) A spectrum, which a r i s e s  from a t r a n s i e n t  param agnetic  
s p ec ie s .
The r e l a t i v e  amounts of r a d i c a l s  I  p lu s  I I ,  and the  
t r a n s i e n t  spec ies  p re s e n t  a t  any s tag e  of the  i r r a d i a t i o n ,  can 
be determined by comparing the a reas  of t h e i r  r e s p e c t iv e  in te g ra te d  
peaks. The e . p . r .  spectrum shown in  f ig u r e  2 .11 , i s  t h a t  of the  
t r a n s i e n t  s p e c ie s ,  and i s  obta ined  by s u b t ra c t in g  a s u i t a b ly  sca led  
spectrum of r a d ic a l s  I  p lus  I I ,  from the observed spectrum a f t e r
1.5 h r s .  i r r a d i a t i o n .  I f  the  sp in  H am iltonian f o r  the n i t r o x id e  
r a d i c a l  i s  w r i t t e n  in  the  form,
^  = Be H. g. £  + y>~S. A. I ,
over the  n u c le i
then  the  spectrum shown in  f ig u r e  2 . 1 1 , can be analysed  in  terms
of a s u p e rp o s i t io n  of s ix  curves of the type d esc r ibed  by Kneubiihl
(see  appendix 7 s e c t io n  7 ' . 9 * . ) ,  and the p r in c ip a l  components of the
g te n so r ,  and the h y p e rf in e  ten so r  A, along w ith  the  l i n e -
broadening  param eter, $ can be ob ta ined  from i t .  The a n a ly s is  of
the  spectrum in  f ig u re  2 . 1 1 . shows th a t  i t  a r i s e s  from the  in t e r a c t io n
1Aof an unpaired  e le c t ro n  w ith  one N nucleus  and one p ro to n .  The 
t r a n s i e n t  sp e c ie s ,  i s  thus a n i t r o x id e  r a d i c a l ,  which c o n ta in s  the  
m olecular fragment R^I^R^C-NO-CHR^R,.* ^ ie sp^n H am iltonian
param eters  of t h i s  r a d i c a l ,  r a d i c a l  I I I ,  are  shown in  ta b le  2 .6 .
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T a b le  2 . 6
The sp in  H am iltonian param eters  fo r  n i t r o x id e  r a d i c a l  I I I
811 g22 g33 <8>
2.0091 2.0073 2.0034 2.0066
An ( 1 4 N) A2 2 ( 1 4 N) A3 3 ( 1 4 N) a ( 1 4 N)
10.06  10.OG 2 4 .6G 14 .9G
AH ( 1 H) A2 2 ( 1H) A3 3 ( 1H) a ^ H )  8
5.4G 5.4G 1 0 .5G 7.1G 4.0G
Broadening fu n c t io n s  a re  assumed to  have the  Gaussian form
( 2 T r )~ *  B _ 1  exp [-(H -H  ) 2  (2B)"2] The l im i t s  of e r r o r  fo r
gH» g22, g33, <g>, An ( 1 4 N), A2 2 ( 1 4 N), A3 3 ( 1 4 N), a ( 1 4 N), AU ( 1 H), 
A ^C 'S l), A3 3 (^H), a(*H) are  r e s p e c t iv e ly  ± 0 .0003, ± 0 .0003, ± 0 .0002, 
± 0 .0003, ± 0.5G, ± 0.5G, ± 0.1G, ± 0.5G, ± 0.5G, ± 0.5G, ± 0.1G, 
and i0 .5 G .
I f  a t  any s tag e  of the  i r r a d i a t i o n  the  p roduc ts  a re  
d is so lv e d  in  chloroform , then r a d i c a l  I I I  immediately d is p ro p o r t io n -  
a te s  to  d iam agnetic  spec ies  and the  e . p . r .  spectrum d ecreases  g r e a t ly  
in  i n t e n s i t y  and i s  i d e n t i c a l  to  the  spectrum of n i t r o x id e  r a d i c a l s  I 
p lu s  I I  shown in  f ig u re  2 .5 .  I f  the  e . p . r .  spectrum of t h i s  s o lu t io n  
i s  recorded  a t  77°K in  the  g la s s ,  a l l  the s t r u c tu r e  a s s o c ia te d  w ith  
r a d i c a l  I I I  i s  seen to  have gone. N itro x id e  r a d ic a l  I I I  i s  only 
s ta b l e  when s to red  in  the  dark  in  the  s o l id  s t a t e .
This d iscovery  of a t r a n s i e n t  n i t r o x id e  r a d i c a l  I I I ,  
c o n ta in in g  the m olecular u n i t  R^^^C-NO-CHR^R-c., and which i s  s ta b le  
when s to re d  in  the  s o l id  s t a t e  in  the  dark , i s  in  very  good agreement 
w ith  p h o to ly s is  scheme I .  The k in e t i c s  a s so c ia te d  w ith  scheme I ,  
a lso  agree w e ll  w ith  those determined ex p e r im en ta l ly .  F igure  2.12 i s  
a g ra p h ic a l  r e p re s e n ta t io n  of how the  r e l a t i v e  co n cen tra t io n s  of
R e l a t i v e
C oncen tra tion
200 -
150 .
100 _
50 -
1 h r .  2 h r .  3 h r .  4 h r .  5 h r .  6  h r .
Time.
F igure  2.12 The i r r a d i a t i o n  of a p o ly c r y s ta l l in e  sample of
humulene n i t r o s i t e  w ith  red l i g h t .  The r e l a t i v e
c o n cen tra t io n s  of r a d ic a l s  I  + I I ,  (-----) and
r a d ic a l  I I I ,  (-----) ,  are  p lo t te d  as a fu n c tio n  of
the i r r a d i a t i o n  time.
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r a d ic a l s  I  p lu s  I I  and r a d ic a l  I I I  a re  found to  vary w ith  tim e.
I f  p h o to ly s is  scheme I  i s  rep re sen ted  by the  fo llow ing  th ree  
eq u a t io n s .
k hv
Humulene n i t r o s i t e  — =  > Radical I  + NO' 1)
k 0 hv
Humulene n i t r o s i t e  — --------------* R adical I I I  + NO’ 2)
k* hv
R adica l I I I  ---------------» Radical I I  + NO* + H' 3)
then  th e  r a t e  of p roduction  of the  in te rm ed ia te  n i t r o x id e  r a d ic a l  
I I I ,  w i l l  be governed by the  fo llow ing e q u a tio n ,
2
d [R a d ic a l  I I I ]  = [  humulene n i t r o s i t e  ]
d t  -  k3I  [  R adica l I I I J
where I  i s  the  l i g h t  i n t e n s i t y .  In  the  i n i t i a l  s tag es  of the  
r e a c t io n  the  f i r s t  term of t h i s  equ a tio n  must dominate and the 
c o n ce n tra t io n  o f  r a d ic a l  I I I  in c re a s e s .  However, as the  co n ce n tra t io n  
of r a d i c a l  I I I  in c re a se s ,  so does the  r a t e  of i t s  photochemical 
decomposition to  n i t ro x id e  r a d ic a l  I I ,  and e v e n tu a l ly  the  two 
terms w i l l  produce a s teady  s t a t e  s i t u a t i o n ,  w ith  the  c o n cen tra t io n  
of r a d i c a l  I I I  remaining c o n s ta n t .  Towards the  end of the  p h o to ly s is  
the  co n ce n tra t io n  of r a d ic a l  I I I  f a l l s  to  ze ro .  The r a t e  of 
p roduc tion  of n i t ro x id e  r a d ic a l  I I ,  i s  dependent on the  co n ce n tra t io n  
of r a d i c a l  I I I ,  and w i l l  in c rease  up to  the  p o in t  where r a d ic a l  I I I  
achieves  a s teady  s t a t e  c o n ce n tra t io n ,  whereupon i t  w i l l  remain almost 
co n s ta n t .
P h o to ly s is  scheme I I  can not adequate ly  account fo r  the  th re e  
n i t r o x id e  r a d ic a l s  found exper im en ta l ly ,  as i t  p o s tu la te s  the  form ation
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of only two n i t r o x id e  r a d ic a l s  (22) and (23) . The r a d ic a l  (22), 
which con ta ins  the  m olecular u n i t  R ^ R ^C -N O -C H R ^, i s  capable  
of d is p ro p o r t io n a t io n  to  d iam agnetic  s p e c ie s ,  and thus might have 
been considered as a p o s s ib le  t r a n s i e n t  in te rm e d ia te .  This i s  
however, u n l ik e ly ,  s in ce  the  t r a n s i e n t  r a d ic a l  ex p er im en ta l ly  i s  
found to  reach a s teady  s t a t e  c o n c e n tra t io n ,  when the  r e a c t io n  i s  
approxim ately  one e ig h th  complete. I t  does n o t  seem reaso n ab le ,  
t h a t  in  the  s o l i d  s t a t e  w ith  r e s t r i c t e d  movement, t h a t  r a d i c a l s  
a t  t h i s  le v e l  of co n ce n tra t io n  could be s u f f i c i e n t l y  c lo se  fo r  
d is p ro p o r t io n a t io n  to be s u b s t a n t i a l .
The experim ental r e s u l t s  ob ta ined  in  t h i s  s e c t io n  a re  
c o n s i s te n t  w ith  p h o to ly s is  scheme I ,  bu t they can n o t  exclude 
the  p o s s i b i l i t y ,  t h a t  bo th  schemes I  and I I  are  co n cu r ren t ly  in  
o p e ra t io n .  Moreover on completing the  i r r a d i a t i o n ,  the  p roducts  
a re  m agnetica lly  d i l u t e ,  in d ic a t in g  th a t  diam agnetic  sp ec ie s  may 
a lso  be p re s e n t .
When caryophyllene  n i t r o s i t e  i s  i r r a d i a t e d  in  red  l i g h t  
8 6 % of the  gaseous p roducts  evolved i s  n i t r o g e n , ^  which i s  no t 
produced in  the mechanism shown in  f ig u r e  2 . 8  by which the  
n i t r o x id e  r a d ic a l s  form. This n i t ro g e n  may be evolved during  
secondary r e a c t io n s ,  which follow  the  i n i t i a l  photochem ical s te p s .
I f  t h i s  i s  the case , then the  diam agnetic sp ec ie s  formed during  these  
secondary re a c t io n s  would predom inate. Attempts were made to  use 
chromatographic techniques to  i s o l a t e  the p roducts  formed when 
humulene n i t r o s i t e  was i r r a d i a t e d  w ith  red l i g h t ,  in  o rder  to ,  
c h a r a c te r i s e  the  in d iv id u a l  n i t r o x id e  r a d ic a l s  formed, and determine 
i f  any diamagnetic spec ies  are  a lso  p re s e n t .
2 .3 .  I n i t i a l  a ttem pts  a t  using  chromatographic techn iques  to
i s o l a t e  the  products  formed on i r r a d i a t i n g  humulene n i t r o s i t e
in  red  l i g h t
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^ •3»1 D e tec t io n  of the im p u r i t ie s  p re s e n t  in  humulene n i t r o s i t e
and i t s  subsequent p u r i f i c a t i o n
During a s e r i e s  of p re l im in a ry  chromatographic experiments
on humulene n i t r o s i t e  and i t s  p h o to ly s is  p ro d u c ts ,  i t  was observed
th a t  the  humulene n i t r o s i t e  ob ta ined  from M itc h e l l ,  con ta ined  two
c le a r  c r y s t a l l i n e  im p u r i t ie s .  These two im p u r i t ie s  were removed
us in g  s i l i c a  column chromatography, the  p u r i t y  of the  humulene
n i t r o s i t e  being  monitored using in f r a - r e d  and n .m .r .  spec tro scopy .
F u l l  d e t a i l s  of th i s  p u r i f i c a t i o n  are  contained  in  appendix 2 
. / / /s e c t io n  2 .2 .1 .  The two im p u r i t ie s  were ob ta ined  as pure c r y s t a l l i n e  
s o l id s  and elem enta l a n a ly se s ,  and n .m .r . ,  i n f r a - r e d ,  and mass 
s p e c t r a  were ob ta ined  fo r  bo th  sp e c ie s .  As the  o r ig in  of these  
im p u r i t ie s  was unknown, no a ttem pt was made a t  t h i s  s tag e  to  
c h a r a c te r i s e  them.
Having thus obtained  a sample of pure humulene n i t r o s i t e  
f r e e  of any contam inants a l l  the  experim ents d esc ribed  in  s e c t io n
2 .2 ,  were re p ea ted ,  us ing  th i s  p u r i f i e d  m a te r ia l .  In  every case  
the n i t r o x id e  r a d ic a l s  observed by i r r a d i a t i n g  humulene n i t r o s i t e  
and i t s  s o lu t io n s ,  were i d e n t i c a l  in  s t r u c tu r e  and behaviour to  
those  d esc ribed  p re v io u s ly .  Attempts were now resumed to  i s o l a t e  
the in d iv id u a l  p roducts  of the  p h o to ly s is  r e a c t io n  us ing  chromato- 
g ra p h ic a l ly  p u r i f i e d  humulene n i t r o s i t e  as the  s t a r t i n g  m a te r ia l .  
2 .3 .2  I s o l a t i o n  o f the products  formed when chrom atograph!cally  
p u r i f i e d  humulene n i t r o s i t e  i s  i r r a d i a t e d  w ith  red  l i g h t  
The p roduc ts  formed when pure humulene n i t r o s i t e  i s  
i r r a d i a t e d  w ith  red  l i g h t ,  were sep a ra ted  in to  th ree  components 
by using  s i l i c a  t . I . e . w i t h  e th e r :  p e t .  e th e r ,  (50:50) as so lv e n t .
The d e t a i l s  of t h i s  s ep a ra t io n  a re  o u t l in e d  in  appendix 2 s e c t io n  
2#.2/.2/ ( a ) .  These p roducts  can be c l a s s i f i e d  in to  two groups,
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s in c e  a l l  the paramagnetic sp ec ie s  were found a t  R  ^ “ 0, a l l  
•the components of R_ >0, be ing  d iam agnetic .
1) The c h a r a c te r i s a t i o n  of the  paramagnetic sp ec ie s
A yellow  s o l id  was e x t ra c te d  from the reg io n  of R_ =0,X t
which accounted fo r  approxim ately 10% by weight o f  the  t o t a l
p ro d u c ts .  The e . p . r .  spectrum of a d i l u t e  degassed s o lu t io n  of
t h i s  yellow  s o l id  in  chloroform , is  shown in  f ig u re  2 .13. Two
n i t r o x id e  r a d i c a l s ,  which con ta in  the s t r u c t u r a l  u n i t  R^R^R^C-NO-
CR^Rj-Rg are  p re s e n t .  They have s im i la r  i s o t r o p ic  <g> f a c to r s  and
14i s o t r o p i c  coupling  constan ts  a( N) .
R adical [ i s o t r o p i c  <g> = 2.0058 ± 0.0002;
14is o t r o p ic  a( N) = 14.6 ± 0 .2G :J 
R adica l 1^ [ i s o t r o p i c  <g> = 2.0062 ± 0.0002;
i s o t r o p ic  a ( ^ N )  = 14.9 ± 0 .2G :J  
N itro x id e  r a d ic a l  I I  was n o t observed in  t h i s  m ixture s in ce  i t  
decomposes on the s i l i c a  su r fa ce .
To determine i f  both r a d i c a l s  1^ and 1^ a re  produced in  the  
p h o to ly s is  r e a c t io n ,  or i f  one forms due to  r e a c t io n s  on the  
a c t iv a te d  s i l i c a  su r fa c e ,  the  e . p . r .  s p e c t r a  obta ined  from the 
p h o to ly s is  p roducts  p r io r  to t h e i r  being  chromatographed were 
re-exam ined. The e . p . r .  spectrum ob ta ined  from a degassed 
chloroform  s o lu t io n  a t  295°K, co n ta in in g  n i t r o x id e  r a d ic a l s  I  
and I I ,  which had been allowed to  s tand  u n t i l  n i t r o x id e  r a d ic a l  I I  
had com pletely  d is p ro p o r t io n a te d , was id e n t i c a l  to the  spectrum 
shown in  f ig u re  2.13 and con tained  both  n i t r o x id e  r a d ic a l s  I^and
V.
The l i n e  shape of the  p o ly c r y s ta l l in e  e . p . r .  spectrum, 
ob ta ined  from the yellow s o l id  o f  Rf  = 0  suggested th a t  theJL •
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sample was m ag n e t ica l ly  d i l u t e ,  in d ic a t in g  th a t  the sample
might co n ta in  some diam agnetic  spec ies  as w e ll  as n i t r o x id e
r a d i c a l s  I .  and I „ .A B
This s o l id  was f u r th e r  chromatographed using  s i l i c a
p l a t e s  w ith  e th e r :  p e t . e t h e r  (80:20) as s o lv e n t ,  an extended
run  of approxim ately two h ours ,  producing a broad yellow  band.
The reg io n s  of t h i s  band of h igher R_ va lue  contained  a
yellow s o l id  enriched  in  n i t r o x id e  r a d i c a l s  I  and I_.. InA D
the  reg io n s  of lower R- v a lu e ,  mainly diam agnetic  sp ec ie s  wereX •
p re s e n t .  The m a te r ia l  en riched  in  n i t r o x id e  r a d ic a l s  I .  and I_ couldA B
not be c r y s t a l l i s e d ,  and a ttem p ts  were made to  sep a ra te  r a d ic a l s
I .  and I„  as fo llow s .A B
1) The pe rio d  of chromatographic s e p a ra t io n  was extended.
2) S i l i c a  column chromatography was used w ith  v a r io u s  
d i f f e r e n t  so lv en ts  being  t r i e d .
3) F in a l ly  alumina and c e l lu lo s e  t . l . c .  techn iques  were 
used.
A ll  such attem pts  were however, u n su cc e ss fu l ,  and the 
longer the  n i t r o x id e  r a d ic a l s  were kept on the  a c t iv a te d  s i l i c a  
s u r fa c e ,  the  more impure they became due to  decomposition.
Figure 2.14 shows the  in f r a - r e d  spectrum of the  s o l id  
en riched  in  n i t r o x id e  ra d ic a ls  1^ and 1^. A comparison of the 
p e r t i n e n t  da ta  ob ta ined  from th i s  spectrum and the in f r a - r e d  
spectrum of humulene n i t r o s i t e  are  summarised in  appendix 2, ta b le  
2 .7 . This comparison c l e a r ly  shows, th a t  the  r a d ic a l s  r e t a i n  a l l  
the s t r u c t u r a l  u n i t s  p re sen t  in  humulene n i t r o s i t e ,  w ith  the excep­
t io n  of the  n i t r o s o  group. This i s  c o n s is te n t  w ith  the  n i t r o x id e  
r a d ic a l s  p re s e n t  having the  s t r u c tu r e  shown below, which i s  the  
r a d ic a l  p o s tu la te d  in  scheme I .
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0
8N
N itrox ide  r a d ic a l  I  (19)
The s t r u c tu r e  shown above could e x i s t  in  v a r io u s  d i a s t e r e -
omeric forms, Humulene n i t r o s i t e  i t s e l f  i s  a racemic m ixture of
the  two enantiomers shown in  f ig u re  2 .3 . F igure  2.15 i l l u s t r a t e s
th e  two d ia s te r io m e r ic  forms of r a d ic a l  I ,  which a r i s e  when the (±)
enantiom ers of humulene n i t r o s i t e  combine in  such a way th a t  the
/
n i t r o x id e  grouping on carbons 8 and 8 l i e s  t r a n s  to  both  the  n i t r o
/  /
groups a t ta ch ed  to  carbons 7 and 7 . The geometry a t  carbon 8
can of course  vary , as the  i n i t i a l  photochemical cleavage of the 
C-N bond of the  n i t ro so  group a t  t h i s  p o s i t io n ,  produces a p la n a r  
a l i p h a t i c  r a d ic a l  to which the  n i t ro so  group of a neighbouring 
m olecule  of humulene n i t r o s i t e  can approach in  e i t h e r  d i r e c t io n .
There a re  in  t o t a l  th e re fo re  four p o ss ib le  d ia s te reo m eric  forms of 
r a d i c a l  I ,  and in  each the n i t ro x id e  grouping would experience a 
d i f f e r e n t  chemical environment. N itrox ide  r a d ic a l s  1^ and Ig would 
thus appear to  re p re sen t  two of the d ia s te reo m eric  forms of s t r u c tu r e  
(1 9 ) .
F igure  2.16 shows the  e . p . r .  spectrum ob ta ined  from a s o l id  
sample of the  m a te r ia l  enriched in  n i t ro x id e  r a d ic a l s  1^ and I g .
The l i n e  shape of th i s  spectrum, in d ic a te s  th a t  the sample i s  s t i l l  
m a g n e t ic a l ly  d i l u t e ,  however the la rge  bulk  of the  molecule may 
be s h ie ld in g  the  n i t r o x id e  group from f u r th e r  i n t e r a c t io n .  The 
sp in  H am iltonian parameters obta ined  from an a n a ly s is  o f  t h i s  spectrum 
a re  con ta ined  in  ta b le  2 .8 .
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Figure 2.16 The e . p . r .  spectrum of a p o ly c r y s ta l l in e  sample of the
s o l id  enriched  in  n i t r o x id e  r a d ic a l s  I .  and I „ ,  i s o la t e dA B
from the product of the  i r r a d i a t i o n  of humulene n i t r o s i t e  
(17) w ith  red  l i g h t .  The d o tted  l in e  re p re se n ts  the 
c a lc u la te d  spectrum.
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T a b l e  2 . 8
The sp in  Ham iltonian param eters fo r  n i t r o x id e  r a d ic a l s  1^ and 1^
811 g22 g33 <g> 
2.0089 2.0065 2.0019 2.0058
A11(14n) A22(14n) A33(14n) a ( 14N) p
8.0G 4.5G 3 3 .1G 1 5 .2G 2.5G
1AThe l im i t s  of e r r o r  fo r  g ^ ,  g ^ ,  <g>, An ( N) ,
A2 2 (^4N), A33( 14N), and a (* 4N) a re  r e s p e c t iv e ly ,
± 0 .0003, ± 0.0003, ± 0.0002, ± 0 .0003, ± 0.5G, ± 0.5G,
± 0.2G, ± 0.5G.
To t e s t  the  hypo thesis  th a t  n i t r o x id e  r a d ic a l s  and 1^
are  d ia s te reo m eric  forms of s t r u c tu r e  (19 ) ,  a sample of (19) was
prepared  by h ea t in g  humulene n i t r o s i t e  in  an o i l  ba th  a t  r' j l l2 °c ,
u n t i l  th e  sample decomposed to  a yellow o i l .  The a p p l ic a t io n  of
h e a t  to  C-Nitroso compounds, produces n i t r o x id e  r a d ic a l s  by the
7 12 17 18p rocess  of C-N bond cleavage shown below. * * *
R NO — —----» R* + NO*
R* + R-N0  > R2N===0
Thus on h ea tin g  humulene n i t r o s i t e  the  d ia s te reo m eric  forms
of n i t r o x id e  r a d ic a l  I  should form. The e . p . r .  spectrum of a
d i lu t e  degassed chloroform s o lu t io n ,  of the  o i l  obta ined  by h ea ting
humulene n i t r o s i t e ,  i s  id e n t i c a l  to  the  spectrum shown in  f ig u re
2 .1 3 , and both r a d ic a l s  I .  and I  a re  p re s e n t .* A B
The mechanisms proposed fo r  the  p h o to ly s is  re a c t io n s  o£ 
humulene n i t r o s i t e ,  and caryophyllene n i t r o s i t e  shown in  f ig u re s
2.7 and 2.8 r e s p e c t iv e ly  are  completely analogous.
50
When caryophyllene  n i t r o s i t e  i s  i r r a d i a t e d  w ith  red l i g h t  o r  hea ted  
only  one n i t r o x id e  r a d ic a l ,c o n ta in in g  the s t r u c t u r a l  u n i t
Proc*uced an<3 th i s  r a d ic a l  i s  based on s t r u c tu r e  
(1 0 ) .  Caryophyllene n i t r o s i t e  e x i s t s  as a s in g le  enantiomer and 
no t a racemic m ixture of enantiomers and hence only two d ia s t e r e o ­
meric  forms of (10) were p o s s ib le ,  o f  which one appears to  form 
s t e r e o s p e c i f i c a l l y .
2) Attempts to  c h a r a c te r i s e  the  diamagnetic sp ec ie s  formed 
when humulene n i t r o s i t e  is  i r r a d i a t e d  w ith  red  l i g h t  
The diam gnetic  sp ec ie s  a b s t r a c te d  from the reg io n  of 
R- >0 accounted fo r  approximately 90% of the  p roducts  by w eight.
X  •
Two major components were i s o la t e d  from the reg ions  of R. -0 .37
X  «
and Rf  =0.8 and these  a re  d iscussed  below.
X  •
a) The components o f  RP = 0 .3 7
I  ♦ """"
The components e x t ra c te d  from the band of R_ =0.37X *
c o n s t i tu t e d  a m ixture from which a pu re , c l e a r  c r y s t a l l i n e  p roduct
was e x t ra c te d  a f t e r  rechromatographing using e th e r :  p e t . e t h e r  (70:30)
as s o lv e n t  and r e c r y s t a l l i s i n g  from e th an o l .  An e lem enta l a n a ly s is
o f t h i s  c r y s t a l l i n e  product y ie ld ed  the em p ir ica l  formula C15H24N2°4
based on the r e s u l t s  contained  in  t a b le  2 .9 .  of appendix 2. A
Xcomparison was undertaken of the H n .m .r .  and i n f r a - r e d  s p e c t r a  of 
t h i s  c l e a r  c r y s t a l l i n e  d e r iv a t iv e ,  w ith  the corresponding sp e c t ra  
o f  humulene n i t r o s i t e ,  and the  p e r t in e n t  da ta  ob ta ined  a re  summarised 
in  ta b le s  2.10, and 2 .11 , r e s p e c t iv e ly .  F igure  2.17 shows the  1H n .m .r .  
s p e c t r a  of the  c l e a r  c r y s ta l s  o f  Rf  = 0 .3 7  and of humulene n i t r o s i t eX •
i n  the  t range 4 to  10.
The comparisons desc ribed  above enabled the  c r y s t a l l i n e  product
o f  R = 0 .3 7  to  be c h a ra c te r is e d  as the  d i - n i t r o  d e r iv a t iv e  of 
X  •
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Figure  2.
-i 1 r
X
(A)
r
(B)
—I
10
xx4. 9865 74  T
(C)
10 T
L7 The H n .m .r .  sp ec tra  of d i lu t e  so lu t io n s  of (A) n i t rq -  
n itra to -hum ulene  (26) , (B) dinit.ro-humulene (24 ) ,  and.
(C) humulene n i t r o s i t e  (17), in  CDCl^, recorded  in  the
T  range 3 to  10.
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humulene shown below
•NO
NO
2
2
D in itro  -  humulene (24)
The c h a r a c te r i s a t i o n  i s  based on the fo llow ing  o b se rv a t io n s .
1) . The i n f r a - r e d  and n .m .r .  sp e c t ra  of the c l e a r  c r y s ta l s
a t ta ch ed  to  a t e r t i a r y  carbon atom.
3) The sp ec tro sco p ic  evidence i s  c o n s is te n t  w ith  the  r e t e n t io n  
of a l l  the  o th e r  s t r u c tu r e s  p re se n t  in  humulene n i t r o s i t e .
4) The mass s p e c tra  of humulene n i t r o s i t e  and t h i s  c r y s t a l l i n e
p h o to ly s is  d e r iv a t iv e ,  a re  i d e n t i c a l  in  every major peak, 
o th e r  than th a t  of the p a ren t  ion .
b) The components of Rg = 0*8
The m a te r ia l  e x t ra c te d  from the band of = 0 .8  was an o i l  
and no c r y s t a l l i n e  d e r iv a t iv e s  could be ob ta ined  on work up. The
n .m .r .  and in f r a - r e d  s p e c t ra  of t h i s  o i l ,  are  shown in  f ig u re  2 .18.
I t  i s  apparent from the complexity of these  s p e c t r a ,  t h a t  more than
show th a t  the  fo llow ing  group i s  no t  p re se n t  CH^
-  C -  NO 
 ^ I
2) A s i n g le t  methyl resonance is  p re se n t  in  the  H n .m .r .
spectrum of the c le a r  c r y s ta l s  a t  T = 8.08 and i s  ass igned
to  the  fo llow ing grouping.
-  C -  NO2
The in f r a - r e d  spectrum a lso  shows ab so rp tions  a t  1545 cm 
and 1355 cm \  which a re  c o n s is te n t  w ith  the  asymmetric
-1
and symmetric s t r e tc h in g  v ib ra t io n s  of a n i t r o  group
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F igure  2.18 (A) The in f r a - r e d  spectrum recorded  in  a CC1. s o lu t io n
in  the  range 3,300 -  800 cm \  and (B) the n .m .r .  
spectrum recorded in  a CDCl^ s o lu t io n  in  the T range 
3 to  10, of the components of Rf = 0 .8  namely (4 1 ) ,  (42) 
and (43), i s o la t e d  from the product of needle  c r y s t a l s  of 
humulene n i t r o s i t e  (17) i r r a d i a t e d  w ith  red l i g h t .
1 1 | i 1 1 1 1 i------------- r ~ i — i— i— i— i— i— i— i— i— i— r — i
J Lxi a l X x
30C0 2500 2000  1800 1600 14QO 1200 1000 800 cm“ ^
x XXXX
3 4 5 6 7 8 9 10 t
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one humulene based s t r u c tu r e  i s  p re se n t ,  however f u r th e r  a ttem pts  
to i s o l a t e  the  components of the  mixture us ing  chromatography were 
u n su cc e ss fu l .  Appendix 2, s e c t io n  2 ’ . 2 f . 2 T(d ) ,  co n ta in s  a summary 
of the  p e r t in e n t  d a ta ,  which can be a b s t r a c te d  from a comparison of 
th e se  s p e c t ra  with the corresponding s p e c tra  of humulene n i t r o s i t e .  
From th e se  comparisons, the o i l  i s  shown to  co n ta in  a m ixture  of 
compounds, perhaps isom eric , which a re  based e i th e r  on a humulene 
s t r u c tu r e  or a rearrangement of i t ,  and have a s in g le  n it.ro  group 
as th e  only fu n c t io n a l  group a t ta c h e d .
At t h i s  s tag e  in  the  in v e s t ig a t io n ,  the  components of the 
o i l  o f  R, = 0 . 8  could not be f u l l y  c h a r a c te r i s e d .  Moreover the
X  •
n a tu re  of the  mechanism by which th i s  o i l  and the  o th e r  diagmagnetic 
component, d in itro -hum ulene  (24) , formed was no t understood a t  t h i s  
s ta g e .  I t  i s  worth p o in t in g  out however, t h a t  the  i r r a d i a t i o n s  were 
performed in  the  absence of a i r ,  and m olecular oxygen was no t 
involved in  the  form ation of d in itro -hum ulene  (24) .
I t  was observed th a t  the  diamagnetic spec ies  o f  R. >0X •
produced small t ra c e s  of n i t r o x id e  r a d i c a l s ,  i f  they were allowed
to  s tand  in  co n tac t  w ith  the  atmosphere. I f  these  same diamagnetic
sp ec ie s  were s to re d  under a ^  atmosphere, then no n i t r o x id e  r a d ic a l s
formed. The in f r a - r e d  and *H n .m .r .  sp e c t ra  of the  major diamagnetic
components a t  R. = 0 .3 7 ,  and Rf = 0 . 8 ,  showed no change when f • x *
recorded  b e fo re  and a f t e r  th i s  o x id a tio n  p ro cess ,  and the  e . p . r .  
s p e c t ra  showed th a t  only minute t r a c e s  of n i t ro x id e  r a d i c a l s  were 
forming. I t  appears th a t  the  o x id a tio n  of some minor p h o to ly s is  
product i s  re sp o n s ib le  fo r  the form ation  of the  n i t r o x id e s ,  and 
the  major diamagnetic components a t  R  ^ = 0.37 and R  ^ = 0 .8  a re  
n o t invo lved . Table 2.12 of appendix 2 s e c t io n  2 , . 2 f . 2 , ( e ) ,  shows 
the  d i s t r i b u t i o n  of the n i t ro x id e  r a d ic a l s  as a fu n c t io n  of the R^
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va lue  of the  diam agnetic p recu rso r  from which they were o x id ise d .
Two of the  n i t r o x id e  r a d ic a l s  formed when humulene n i t r o s i t e  
i s  i r r a d i a t e d  in  red  l i g h t ,  r a d ic a l s  I I  and I I I ,  c o n ta in  the  
s t r u c t u r a l  u n i t  R^^R^C-NO-CHR^R^, and could d is p ro p o r t io n a te  
forming hydroxylamines and n i t r o n e s .  To determ ine i f  these  
hydroxylamines were the p recu rso rs  of the n i t r o x id e  r a d ic a l s  
formed on s tan d in g  in  a i r ,  the  i s o t r o p ic  sp in  H am iltonian 
param eters  of th e se  r a d ic a l s  were compared with the  i s o t r o p ic  
sp in  Ham iltonian param eters of r a d ic a l s  I , I I ,  and I I I  from which 
the  hydroxylamines o r ig in a te d .  The two s e t s  of i s o t r o p ic  sp in  
H am iltonian param eters were c l e a r ly  no t i d e n t i c a l .  The diamagnetic 
p re c u rso rs  of these  n i t r o x id e  r a d ic a l s  formed on s tand ing  were never 
i s o l a t e d  and c h a r a c te r i s e d .
Attempts were made to  i s o l a t e  hydroxylamines from the 
p h o to ly s is  p roducts  as t h e i r  i s o l a t i o n  would enable  the  re g e n e ra t io n  
of the  n i t r o x id e  r a d ic a l s  from which they were d e r iv ed .  The 
i n f r a - r e d  s p e c tra  of the  b u lk  p h o to ly s is  p ro d u c ts ,  p r i o r  to 
chromatographing show a small a b so rp tio n  a t  3,620 cm , which 
may a r i s e  from the  0-H s t r e tc h in g  v ib r a t io n  of hydroxylamines. 
Various chromatographic techniques were employed in  the  a ttem pted  
i s o l a t i o n  of the  hydroxylamines, however no hydroxylamines could 
be d e te c te d ,  and i t  seems probable  t h a t  they o x id ise  on the  
a c t i v a te d  s i l i c a  su r fa c e .
At t h i s  s tag e  of the i n v e s t ig a t io n s ,  the supply of 
humulene n i t r o s i t e  donated by M itch e ll  was exhausted .
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APPENDIX 2
2 .1  D eterm ination  of the s t r u c tu r e  of humulene n i t r o s i t e
Table 2 .1
The e lem enta l a n a ly s is  of humulene n i t r o s i t e
Experim enta l con ten t C 64.32%, H 8.37%, N 10.45%, 0 16.86%, 
T h e o re t ic a l  con ten t C 64.28%, H 8.57%, N 10.0%, 0 17.15%,
Table 2.2
1The comparison of the d a ta  ob ta ined  from the  H n .m .r .  s p e c t r a  
of caryophyllene  n i t r o s i t e  and humulene n i t r o s i t e
M5
NO
14
12
10
13 11/
1
2 3\\
14
Caryophyllene n i t r o s i t e  (2) Humulene n i t r o s i t e  (17)
12a) CH_ S = s i n g l e t
13CH — 1C ——3 | I  = in te g r a t io n
a)
12
?h313 il JCH  C ——3 i
S t  -  8 .96  , I  * 6H. S T = 8.89 , I  = 3H, 
S T = 8.84 , I  = 3H,
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b)
8
NO
I
C~
15
CH.
b)
8
NO
I
c -
15
ch3
S t  = 8.76 , I  = 3H, S t  = 8.75 , I  = 311
c) c) \/
Sj'u \
S T = 8 .2 2 ,  I  = 3H 
sm all coupling  J<lHz.
CH,
jC H
d)
no2
M u lt ip le t  T = 3 .97 .
This p ro to n  i s  the  X p a r t  
of an ABX system. The two 
outerm ost combination 
t r a n s i t i o n s  a re  very  weak 
and the  spectrum has the  
fo llow ing  appearance
^JAX + J BX^
CH,
I I ‘—rC------C—
d)
no2
The underlined  p ro ton  i s  the  
X p a r t  of an ABX system and 
i t s  spectrum should c o n s is t  of 
6 l i n e s .  In  f a c t  the  observed 
spectrum shows a double t a t  
T = 3.86 and J  = 8 Hz. Only 
one p ro ton  appears to  be 
coupling .
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j Bx> ]
-  *  y  [^AB ~  * (J AX ” J BX>]
2D
-  5 .5H z .,  J 3X = 4.5Hz,
e) E th y len ic  p ro to n s .
D oublet T = 4 .7 7 ,
Small coupling J<lHz.
e) E th y len ic  p ro to n s .  
Range T = 4 .4  -  5 .4 .  
T o ta l  I  = 3H.
- 4 ;n sJ1 I Q /S '. C r= C y 
/  \  
s H 
B
9C H.
\  A
1) H i s  th e  X p a r t  of an A3XYA.
system . I t  couples to  the  t ra n s  
p ro to n  to  g ive  a  doub le t  of sepai 
a t i o n  16.0Hz. and then  i n t e r a c t s  
f u r t h e r  w i th  and to  give 
e ig h t  peaks w ith  the  fo llow ing  
i n t e n s i t y  d i s t r i b u t i o n .
A
XY
AX
BX
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T -  5 .2  , I  = 1H.
= 16.0 H z .,  JAX = 9 .0  Hz*, 
Jgjr “ 4 .0  Hz*
2) Hy
Doublet t -  4 .6 9 ,  I  = 1H. 
Trans coupling  J  = 16. 0 Hz.
\ 2/
_ C V  4 / C; c= o N
/  \ 14 H CH.
3)
The underlined  p ro ton  i s  the  X 
p a r t  of an ABX system.
M u lt ip le t  t = 4 .5 6 ,  I  = 1H.
J  = 3.5 H z,,and  J  = 9 Hz.
f )  A l ly l i c  p ro to n s .  f )  A l ly l i c  p ro to n s .
The CH^  reg ion  of the  spectrum The reg io n  of the  spectrum i s
i s  d i f f i c u l t  to  an a ly se , however, d i f f i c u l t  to  an a ly se .  The reg ion
th e re  appear to  be two main groups T = 7 .4  -  8 .4  i n te g r a te s  as 14
of resonances .
t 8 .38 -  8.96 , I  -  4H. 
This reg io n  probably  con ta in s  
the  a l l y l i c  p ro tons  and the 2 
p ro to n s  a t ta ch e d  to  t e r t i a r y  
carbons.
T = 8.96 -  9.71 ,  I  = 8H.
pro tons  -  4 s and an a l l y l i c  
methyl.
The reg ion  T = 7 .4  -- 8.1 
in te g r a te s  as n ine  p ro to n s .  These 
la L te r  9 p ro tons  could be the  9 
a l l y l i c  p ro to n s .
c o n ta in s  the  remaining 4 CH^  groups,
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Table 2.3
• . 13•A comparison of the  d a ta  ob ta ined  from the  C n .m .r .  s p e c tra  of
caryophy llene  n i t r o s i t e  and humulene n i t r o s i t e
14
Caryophyllene n i t r o s i t e  (2)
Resonances quoted in  p.p.m. 
dow nfield  from T.M.S.
a) 148.5 p.p .m .
CQ 100.9 p .p .m .O
34.9 p .p .m .
In  each case ^H(D0 “ lpeak 
(P .D .) -  1 peak.
No p ro tons  a re  a t ta c h e d .
The r e l a x a t io n  times were 
measured using  a 180° -T -  90° 
p u lse  sequence w ith  T = 2 
seconds .
Cx has the  lo n g es t  r e la x a t io n  
time of a l l  the  carbons p re s e n t .
10
NO
NO
14
Humulene n i t r o s i t e  (17)
D. -  decoupled
P.D. -  p a r t i a l l y  decoupled
a) C, 135.8 p.p .m .4
C 102.1 p .p.m .
8
38.3 p .p .m . 
In  each case Si(D .) -  1 peak 
S i (P .D.) -  1 peak.
No p ro tons  a re  a t ta ch ed
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b) C? 88.1 p.p .m .
Cg 59.3 p.p.m .
42.7 p.p.m .
In  each case  *H(D.) -  1 
peak. H(P.D.) -  2 peaks.
One p ro to n  i s  a t ta c h e d .
Cg i s  to  lower f i e l d  than 
b e ing  a d ja c e n t  to  a C = C. In  
the  p a r t i a l l y  decoupled spectrum 
th e  e x t r a  s t r u c tu r e  due to  
coup ling  w ith  p p ro tons 
d ecreases  as fo llow s 
C3 « Cu  -  3pXH>C -
C14 113.2 p.p.m . C) C9 44.4 p .p .m .
C5 37.0 p.p.m . C2 40.6 p .p .m .
C6 36.2,» p«p*zn* C5 35.4 p .p .m .
C9 35.2 p*p• m. C6 25.2 . p .p .m .
C10 28.3 p .p .m . I n  each case ^H(P.D.) -  3 peaks.
C2 23.3 p .p .m . Two pro tons are  a t ta c h e d .
In  each case ^H(D.) -  1 peak w ith 3 p p ro tons  shows more
^H(P. D.) -  3 peaks. Two pro tons s t r u c tu r e  in  the  p a r t i a l l y
a re  a t ta c h e d  w ith  2 p p ro tons decoupled spectrum than  does C
shows g r e a te r  s t r u c tu r e  in  the  w ith  2 p p ro to n s ,
p a r t i a l l y  decoupled spectrum than 
does Cg w ith  2 p p ro to n s .
b) C3 145.8 p .p .m .
0^^ 125.1 p.p .m .
117.6 p .p.m . 
C? 88.9 p .p .m .
In  each case ^HCD.) -  1 peak 
^H(P.D.) -  2 peaks.
One pro ton  i s  a t ta c h e d .
The assignment of the  o l e f in i c  
carbons C-q> Cg and C ^ ,  was based 
on the e x t ra  s t r u c t u r e ,  which 
appears in  the  p a r t i a l l y  de­
coupled spectrum, due to  coupling  
w ith  p p ro to n s .  This e x t ra  
s t r u c tu r e  decreases  as follows 
C1rt -  3El E>C0 -  2B1H>C_. -  16 V
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d) C^,. 29.6 p .p .m .
to
C^ 2  21.6 p.p .m .
13.8 p.p .m . 
In  each case *H(P.D.) -  4 
peaks. Three p ro tons a re  
a t ta c h e d .  i s  surrounded
by a g r e a te r  pro ton  d e n s i ty  
when caryophyllene  n i t r o s i t e  
i s  in  i t s  p r e fe r re d  conform­
a t io n ,  and was ass igned  to  
th e  resonance of s h o r te r  
r e l a x a t i o n  tim e.
d) C1c/C . .  29.9 p .p .m .13 14
28.7 p .p .m .
C12^C13 17,6 P*P*m*
15.5 p.p .m .
In  each case  ^H(?.D.) -  4 peaks.
Three p ro tons  a re  a t ta c h e d .
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T a b l e  2 . 4
P e r t i n e n t  da ta  from the in f r a - r e d  sp e c t ra  of caryophyllene  
n i t r o s i t e  and humulene n i t r o s i t e
NO
Caryophyllene n i t r o s i t e  (2) Humulene n i t r o s i t e  (17)
o .o .p .  -  ou t o f  p lane  
d e f . -  deform ation
/ c \  R' \
s t r .  -  s t r e t c h
sym. -  symmetric
asym. -  asymmetric
R /H,  Rv ,H
\  /  v  /a) C ^ C  and
»/ \
C = C
VC-H s t r .  
VC=C s t r .
Vo. o . p . d e f .
3,085 cm-1
1,640 cm-1
900 cm-1
VC-H s t r .
VC=C s t r .
\  /  c==c
H ^  \ r .
3,015 cm-1
3,010 cm-1
1,660 cm-1
1,665 cm-1
v o .o .p .  d e f . ^  -1  980 cm
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\  /
.C-=C
/  \
V o.o.p . d e f .  840 cm *
M x / ch3 
c
b) v / ° 3
V
/  \ * 0 / \ NO
-1
VN«0 s t r ,  1570 cm VN=0 s t r .  1570 cm ^
c) C 
I
c) C 
I1
H—  C— NO. j __ 2
I
H— C— N02
C
1C
Vasym. 1550 cm ^ Vasym. 1560 cm *
Vsym. 1360 cm ^ vsym. 1360 cm *
VC-N bend 870 cm ^ VC-N bend 872 cm ^
These wavenumbers are  c h a ra c t - These wavenumbers a re  c h a r a c t e r i s t i c
i s t i c  of NO2  a t ta ch e d  to  a of N0^ a t ta ch ed  to  a secondary
secondary carbon atoms* carbon atoms.
d) \  / ® 3 d) . 7ch \ /
A». /\„
VCH^  s t r .  asym. 2960 cm ^ VCH^  s t r .  asym. 2965 cm *
65
vCB3 s t r .  syra. *2875 cm” 1 vCH3 s t r .  sym. 2865 cm"1
v d e f .  (1470-1-435) cm” 1 v d e f .  (1470-1435) cm” 1
u n id e n t i f i e d  u n id e n t i f i e d
vdef. 1385. cm 1 vdef'.. 1385 cm” 1
e) CH_
1
e) f 3
CT_----3 - C -----I
ca3 - 6 -I
vasym. str.
1
2980 -1ipim vasym. str.
1
2960 -1cm
vsym. str. 2870 -1f*H§ vsym. str. 2860 -1cm
Vsym. def. 1385 -1 vsym. def. 1380 -1cm
vskeletal 1365 -1cm Vskeletal 1365 -1cm
vskeletal 1170 -1 vskeletal 1170 -1cm
Vskeletal 805 -1cm vskeletal 810 -1cm
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T a b l e  2 . 5
A comparison of the  main peaks in  the mass s p e c t ra  of caryophyllene  
n i t r o s i t e  and humulene n i t r o s i t e
(The mass o f  the  pa ren t molecule = 280 in  each c a se .)
Caryophyllene n i t r o s i t e  (2) 
250
lo s s  o f  -  (2xN 0)
203 lo s s  o f  
189 
175 
161 
147 
133 
119 
105 
93 
81 
67 
53 
39
(N205 + H*>
250
Humulene n i t r o s i t e  (17)
220 
203 
189
175, 177
161
147
133, 135 
121
105, 107
93, 91
77,79
65
53
41
lo s s  of 
lo s s  of
< w
(N20j  + H-)
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2 ' 2 —  attem Pt s  a t  using chr omatographic technlrjiiog
i s o l a t e  the  products formed when humulene n i t r o s i t e  i s  
i r r a d i a t e d  w ith red l i g h t
2 , . 2 ' . l *  The p re p a ra t io n  of a sample of pure humulene n i t r o s i t e
Humulene n i t r o s i t e  was chromatographed using one metre 
p l a t e s  of 1 m.m. depth s i l i c a ,  w ith the so lv en t  e th e r :  p e t . e t h e r  
(50:50) which was found to give an optimum s e p a ra t io n .  Three 
bands were p re se n t  a t  Rf  ^ = 0 .37 , Rf  ^ = 0 .58 , and Rf  0 .6 6 , however 
the  bands o f  R ^  = 0.66 and Rf = 0 .58 overlapped s l i g h t l y ,  and 
had to  be s e l e c t iv e ly  cu t near to t h e i r  c e n t r e .  A b e t t e r  s e p a ra t io n  
was ach ieved  by using s i l i c a  column chromatography, w ith  columns
1 .5  m etres long and the same so lv en t .  When 300 mg o f humulene 
n i t r o s i t e  were passed through such a column, and 25 f r a c t io n s  
each o f 10 ml c o l l e c te d ,  the fo llowing r e s u l t s  were ob ta ined .
F r a c t io n  R^ value con ten t % by weight
1 ” 6 0 .66 Blue needle  shaped 83.3 .
c r y s t a l s ,  c r y s t a l l i s e d  
from EtOH. M.pt. = 118±l°c
C lear needle  shaped c r y s ta l s  
8 - 1 2  0.58 c r y s t a l l i s e d  from EtOH. 7.1
M.pt. ® 136.8 ± 0 .5°c
C lear needle shaped c r y s t a l s  
15 -  19 0.37 c r y s t a l l i s e d  from EtOH. M.pt. 6 .2
* 168.5 ± 0 .5°c
I n f r a - r e d ,  H n .m . r . ,  and mass sp e c tra ,  were ob ta ined
f o r  each sp e c ie s ,  and by a d e ta i le d  comparison of these  s p e c t r a ,
humulene n i t r o s i t e ,  was seen to be f r e e  of any contam ination  by
the  components of L  -  0.37 and R. = 0 .5 8 .f  •
2 • 2 . 2 1 I s o l a t i o n  of the products formed when chromato g rap h i—
c a l ly  p u r i f i e d  humulene n i t r o s i t e  i s  i r r a d i a t e d  w ith  red 
l i g h t
a ) The use of s i l i c a  t . l . c .  to separa te  the products  formed 
when humulene n i t r o s i t e  is  i r r a d ia te d  with red  l i g h t
When the products of the i r r a d i a t i o n  of humulene n i t r o s i t e  
w ith  red  l i g h t  were chromatographed using one metre p la t e s  of 1 mm 
depth  s i l i c a ,  w ith  a so lv en t  of e th e r :  p e t . e t h e r , (50:50) th ree  
main bands were observed a t  R- = 0, R = 0.37 and R = 0 .8 .  Thei  • r • i  •
components of Rf >0, were ex tra c te d  from the s i l i c a ,  us ing  
I  •
a n a la r  chloroform , which was f i r s t  passed through a s i l i c a  column 
and then  d i s t i l l e d ,  thereby removing p h th a la te  im p u r i t ie s ,  which 
would h e a v i ly  contaminate the  p h o to ly s is  products during  the  
e x t r a c t i o n  p ro cess .  Acetone was the only s u i ta b le  so lv en t  found 
to  e x t r a c t  the products  of R,. = 0 . The e . p . r .  s p e c t ra  of d i l u t e
J- •
ch loroform  s o lu t io n s ,  of each component, were recorded  immediately 
a f t e r  t h e i r  e x t r a c t io n .  The components of R  ^ >0 were a l l  d ia ­
m agnetic , a l l  the  paramagnetic spec ies  being lo ca ted  in  the  m a te r ia l  
of ■ 0 .
b) Attempts a t  i s o la t in g  and c h a ra c te r i s in g  the  paramagnetic 
components p re sen t  in  the p h o to ly s is  products of humulene 
n i t r o s i t e
The yellow s o l id  of Rf = 0  accounted fo r  approxim ately 
10%, by w eight, of the t o t a l  p roduct. F igure 2.13 shows the  e . p . r .  
spectrum  of a d i lu te  degassed s o lu t io n  of t h i s  yellow  s o l id  in  
ch loroform . Two n i t r o x i d e  r a d ic a l s ,  I A and Ig , co n ta in in g  the
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s t r u c t u r a l  u n i t  R^R^R^C-NO-CR^R^R^ are  p re s e n t .  N itro x id e  r a d ic a l  I I ,  
' is  n o t observed , as i t  decomposes on the s i l i c a .  The l in e  shape 
o f the  p o ly c r y s ta l l in e  e . p . r .  spectrum of th i s  s o l id  in d ic a te s  th a t  
i t  i s  m ag n e t ica l ly  d i l u t e ,  a f in d in g  confirmed by the in f r a - r e d  
spectrum , which in d ica ted  th a t  only small amounts of the  n itroxide. 
r a d i c a l s  were p re s e n t .
In  o rder  to i s o l a t e  pure samples of n i t ro x id e  r a d ic a l s  I  andA
I  , the  s o l id  o f  R = 0  was chromatographed fo r  a second tim e. No 
B £ •
so lv e n t  could be found which gave c l e a r ly  sepa ra ted  bands co n ta in ing
pure samples of n i t ro x id e  r a d ic a l s  I .  and I  bu t by using  a combin-
A D
a t io n  of e th e r :  p e t . e t h e r  (80:20) and a llow ing an extended run over 
s e v e ra l  hours on s i l i c a  p l a t e s ,  a broadened yellow  band was ob ta in ed .
A s e r i e s  of cu ts  taken over th i s  yellow  band allowed two main reg ions  
to be i d e n t i f i e d ,  and these  a re  d iscussed  below.
1) In  the  reg ions of the band of h igher  R. va lue  a yellowX #
s o l id  was e x t ra c te d ,  which was en riched  in  n i t ro x id e
r a d ic a l s  I .  and I_.. A ll a t tem pts  to c r y s t a l l i s e  th i s  A B
m a te r ia l  were u nsuccess fu l,  d e sp i te  t r i t u r a t i n g  the  
s o l id  using chloroform, and e th y l  a c e ta te .  The r a d ic a l s  
could no t  be fu r th e r  p u r i f i e d  chrom atograph ica lly , as 
they slowly decomposed on the s i l i c a  s u r fa c e .
A comparison of the in f r a - r e d  spectrum of th i s  s o l id  en­
r ic h e d  in  n i t ro x id e  r a d ic a l s  I  and I  w ith  th a t  of humulene n i t r o s i t eA D
enabled the r a d ic a l s  to  be c h a ra c te r is e d  as d ia s te reom eric  forms of 
s t r u c tu r e  (19). Table 2 .7 .  summarises the p e r t in e n t  da ta  obta ined  
from th i s  comparison.
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P e r t i n e n t  da ta  from the in f r a - r e d  s p e c t ra  of humulene 
n i t r o s i t e  and the sample co n ta in in g  r a d ic a l s  1^ , 
and 1^ as i t s  so le  paramagnetic products
NO
NN0
Humulene n i t r o s i t e  (17) Product co n ta in in g  ra d ic a ls .  1^
and Ig (19)
\ /  \  /
\ = C  and ) C=S==C\
'  \  ST \
\  /' / “ \
,H ^
;C==C1 and .C==C
H' \fc R
VC-H s t r .
VC=C s t r .
R H
w  /  \
v o .o .p .  def.
V /  
/  \
Vo. o . p . d e f .
3,015 cm-1
3,010 cm-1
1,660 cm-1
1,665 cm-1
840 cm-1
980 cm- 1
vC-H s t r .  (3,010—3 ,0 1 5 ) CTO shows 
a broadening of the  ab so rp t io n s .  
VC=C s t r .  (1,665 -  1,640) cm 
shows a broadening of the 
ab so rp t io n s .
\  /C =C v
/  \
v o .o .p .  d e f .
\  /"c'
/  \
Vo.o.p. de f .
975 cm-1
850 cm'-1
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b) C b)
H C-— NO.
C
I
H---- C— NO,
I ^
C
vN02 asym. 1,560 cm"1 vN02 asym. 1,560 cm"
VN02 sym. 1,360 cm"1 1,550 cm”
VC-N bend 872 cm"1 vN02 sym. 1,360 cm”
1,355 cm
VC—N bend 870 cm
875 cm"
c) R c) CH. 0 CH.
I I 3 II* I 3
R-----C----- CH------------------------------- R— C —  N— C----R
I 3 I I
NO R R
VN=0 s t r .  1570 cm"1 vN=0 s t r .  (1380-1385) cm"1
2) The reg ions of the broadened yellow  band of lower R. valueX •
contained  diamagnetic s p ec ie s .
e) Attempts to  sep a ra te  n i t ro x id e  r a d ic a l s  I  , 1^, and I I  using 
alumina and c e l lu lo s e  t . l . c .
A ll  a ttem pts to  i s o l a t e  the n i t r o x id e  r a d ic a l s  p re sen t  in  the 
p h o to ly s is  p roduc ts ,  u s ing  c e l lu lo s e  t . l . c .  p la te s  were unsuccessful- 
Using alumina t . l . c .  p la te s  w ith  e th e r  as so lv e n t ,  the  m a te r ia l  
s ep a ra ted  in to  two bands, the lower band being  yellow , and the 
upper band orange-red  in  co lo u r .  This s e p a ra t io n  req u ire d  a long 
continuous run, and the m a te r ia ls  c o n s t i tu t in g  the bands could no t
be e x t ra c te d  using  any of the common lab o ra to ry  s o lv e n ts .  The 
a—alumina used id  the above experiment i s  in so lu b le  in  a c id ,  and 
the p o s s i b i l i t y  of rep e a t in g  the experiment using  X-alumina, which 
i s  a c id  so lu b le  was considered as a p o s s ib le  method o f  e x t r a c t in g  
the  m a te r ia l s  from the alumina su r fa c e .  In  the time taken  to 
ach ieve  s e p a ra t io n ,  i t  was considered  l ik e ly  th a t  r a d ic a l  I I  would 
have decomposed and i t  was a lso  f e l t  unwise to  s u b je c t  the  n i t r o x id e  
r a d i c a l s  to  ac id  on the  alumina su rfa c e ,  which might lead  to 
iso m e r isa t io n  r e a c t io n s ,  and the form ation of hydroxylamines and 
oxoaramonium s a l t s ,  which h y d ro l ise  to  n i t ro x id e s  + ’OH.1^ 1
d) C h a ra c te r is a t io n  of the diamagnetic components p re s e n t  in  the  
p h o to ly s is  products of humulene n i t r o s i t e
1) The components of R£ = 0 .3 7
I  Irn
An o i l  was e x tra c te d  from the reg ion  of = 0 . 3 7 .  This 
o i l  contained  more than one humulene based d e r iv a t iv e ,  and the i n f r a ­
red  s p e c t ra  showed the presence of n i t r o  and n i t r a t e  groups. The 
o i l  was rechromatographed using  e th e r :  p e t . e t h e r  (30:70) on s i l i c a  
p l a t e s ,  an extended run producing a broadened band, from the lower
R reg ions  of which a pure m a te r ia l  was e x t ra c te d ,  which c r y s t a l l i s e d  
f .
from h o t e thanol as c le a r  needle shaped c r y s ta l s  of M.pt. = 168.0 ±
0.5°C. This m a te r ia l  has the em pir ica l  formula Ci5H24N2°4 anil &
1
comparison of i t s  H n .m .r .  and in f r a - r e d  s p e c t ra ,  w ith  the  
corresponding sp ec tra  of humulene n i t r o s i t e ,  enabled i t  to  be 
c h a ra c te r is e d  as a d in i t r o  d e r iv a t iv e  of humulene (24).
Table 2.9
The elem ental a n a ly s is  of d in itro-hum ulene  (24)
Experim ental con ten t C 61.4%, H 7.9%, N 10.0%, 0 20.7%.
T h eo re t ic a l  con ten t C 60.9%, H 8.1%, N 9.5%, 0 21.5%.
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P e r t i n e n t  da ta  from the n .m .r .  sp ec tra  of humulene n i t r o s i t e
and dinitro-humulene
14
NO
15
NO.
14
NO,
i
15
NO
Humulene n i t r o s i t e  (17) Dinitro-humulene (24)
a)
13CH-
12
f -
12
CH3
a)
13
® 3"
S t  = 8.89 , I  = 3H.
S T = 8.84 , I  = 3H.
S T = 8.89 , 
S T = 8.84 ,
I  « 3H 
I  = 3H
b)
X y-NO
.15
ch3
b)
,N0,
15
‘CH<
S t -  8 .7 5 ,  I  = 3H. S I  = 8.08 , I  = 3H.
c)
—3
•I * 3HS T = 8.22
sm all coupling J<lHz.
c)
\  S *
\ 4  3/
C = s = Q
14
i 8 c
S T = 8 .2 9 , I  = 3H.
small coupling J<lHz.
The underlined  pro ton  i s  the 
X p a r t  of an ABX system. The 
observed spectrum however, shows 
a doub le t  T  ® 3.86 , J  = 8 Hz. 
Only one proton appears to  be 
coup ling .
The underlined p ro ton  i s  the
X p a r t  of an ABX system. The
two outermost combination
t r a n s i t io n s  are not observed,
and the spectrum appears as a
doublet - 7  J /  /  __ 7 7
C O  \ ^  o  H
- - P^CJTO^.
T  = 4.74 , I  = 1H .
J  « C /H z . J  = 8 . 8 Hz.
e) E th y len ic  protons 
T o ta l  I  -  3H.
Range t = 4 .4  -  5 .4 .
\ l
~ ~  c \  Ax \1 1  1 0 /  A
U  / C“ < 3  
<  1
e) E thy len ic  pro tons 
Total I  = 3H .
Range T  * 4.5 -  5 .2 .
\ n  10/  x
1> > = <
/  \ 9<
hb i
H i s  the  X p a r t  of an ABXY system. This i s  an ABXY system and Hx 
X v
I t s  spectrum c o n s is t s  of a group gives a spectrum w ith  8  peaks
of 8  peaks w ith  the following with the following in t e n s i ty
i n t e n s i t y  d i s t r i b u t io n .  d i s t r i b u t io n .
I *
I I
'  \ I I ' 1 ' ‘
' I . I ' ‘ ' 1
f i l l . ' !  ,C
XY
T
XA
I T
XB
' V '
n
/  \
\
• i
'' 1 ;  I ' «  • !i i i  i . t i *-*1
T
XY
T
XA
X
XB
Jjg, -  16.0 Hz., = 9Hz.,
J XB -  4Hz., T = 5 .2 ,  I  = 1H,
= 15.9Hz., = 8 .8Hz.,
= 3Hz., T = 5 .0 4 ,  I  = 1H.
2) b
Doublet T “ 4 .69, J  •  16Hz,
3) H— ,C— H c
\ c — /
, / •  V
2) Hy
Doublet T = 4.68, J  = 15.9Hz. 
shows a small coupling of V l H z .
to HA and ^
3) H C— H ,C
2 \  /  
/ 3  4 \
w  ' n ch.
The underlined  proton i s  the 
X p a r t  o f an ABX system.
The underlined  pro ton  i s  the 
X p a r t  of an ABX system.
M u lt ip le t  T = 4 .5 6 ,  I  = 1H. 
J  = 3 .5Hz.and J  « 9Hz.
M ult ip le t  t = 4 .6 4 ,  I  = 1H. 
J  = 5.0Hz.and J  = 9.0Hz.
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f)
g) A l ly l i c  protons 
The reg io n  T = 7.4 -  8.4 
in te g r a te s  as 11 pro tons , namely 
4 s an<* an a l l y l i c  methyl.
The T reg io n  7 .4 . -  8 .1  in te g ra te s  
as 9 p ro to n s .  These could be the 
n ine  a l l y l i c  p ro tons.
f)
8 peaks a re  observed fo r  H.A
T = 7 .2 8 ,  I  = 1H. J ._ = 15Kz„AB
J AX = ^Hz. and J  -  1Hz.
8 peaks a re  a lso  observed fo r
H T  = 7 .72 , I  = 1H. J  = 15Hz.o AB
JBX « 8.8Hz. J fiY = 2Hz.
g) A l ly l ic  protons 
The t reg ion  7.06 -  8.52 con ta ins  
14 p ro tons , namely the  4 C J^ 's ,  
the a l l y l i c  methyl and the methyl 
on the carbon ad jacen t to  the 
n i t r o  group.
77
T a b l e  2 , 1 1
data  from the in f ra - re d  sp ec tra  of humulene n i t r o s i t e  
and dinitro-humulene
' - no2
Humulene n i t r o s i t e  (17)
a)
R \  / H  
/ c = c
W \
VC-H s t r .
VC=C s t r .
R \  /H
C— C
H/  NR
V o.o .p . d e f .
R \  / H
/ = \  
V o.o .p , d e f .
R \
.+ C=C,/ \R/
3,015 cm
R
- l
3,010 cm 
1,660 cm 
1,665 cm
-1
-1
980 cm-1
840 cm-1
Dinitro-humulene (24)
R
a)
H
VC-H s t r .
V  / H R\  /"c = c ,  +  c = c
/  v  y  \k  R-
VC=C s t r .
R \  /H  
C =C
v /  \
Vo.o.p. def.
R \  / H .
C=C
R N ?
Vo.o.p. def.
3,015 cm
R
- l
3,010 cm-1
1,660 cm-1
1,665 cm-1
980 cm-1
840 cm-1
b) C s / H
AC NO
VN =0 s t r .
»  C s / . ; t
c / nno.
1,570 cm A VN02 asym. s t r ,  
VN02 sym. s t r .
-1 1,545 cm-1
1,355 cm-1
VCH  ^ asym. s t r .  
vcHg sym. s t r .  
VCH3 sym. def.
2,965 cm-1
2,865 cm 
1,385 cm'
-1
-1
vCH  ^ asym. s t r ,  
vCH  ^ sym. s t r .  
VCH^  sym. def.
2,965 cm-1
2,860 cm-1
1,390 cm-1
vNO  ^ asym. -11,560 cm asym< 1,550 cm-1
VN0£ sym. -11,360 cm
VC-N bend 872 cm” 1
These wavenumbers are  ch a rac te r­
i s t i c  of NO2  a t tached  to  a second­
a ry  carbon atom.
VNO2  sym. 1,360 cm-1
-1vC—N bend 872 cm
These wavenumbers are  c h a ra c te r ­
i s t i c  of NO2  a t tached  to  a second­
ary carbon atom.
-> f t
f t - | - C H — C—  3 1
v asym. s t r . 2,960 -1cm V asym. s t r . 2,960 cm
'> sym. s t r . 2,860 -1cm V sym. s t r . 2,860 cm
V asym. d e f . 'U 1,440
1
— 1cm V asym. d e f . ^  1,440 cm
V sym. d e f . a. 1,380 -1cm V sym. de f . ^  1,390 cm
V s k e l e t a l 1,365 -1cm V s k e le ta l 1,375 cm
v s k e l e t a l 1,170 -1cm V s k e le ta l a, 1,165 cm
v s k e l e t a l 810 cm 1 V s k e le ta l 805 cm
2) The components of Rf = 0.8
Figure 2. 18
L •
shows the XH n .m .r .  and in f r a - r e d s p ec tra of
the  o i l  e x tra c te d  from the region of 0 .8 .  The s p ec tra  a re
complex and sev e ra l  humulene based d e r iv a t iv e s  are  p re se n t .  All 
a t tem pts  to  i s o l a t e  the in d iv idua l compounds p resen t  using chromato­
graphy were unsuccessfu l and a t  th i s  s tage  the in d iv id u a l  components 
of th i s  o i l  could not be ch a rac te r is ed .  The following observations
were however made.
■0 I n te r p r e ta t io n  of the in f r a - re d  spectrum
a) N itro  groups.
An average of one n i t r o  group was p resen t per molecule and they 
were comprised of the following two types.
1) N itro  groups a ttached to  a secondary carbon atom.
The absorptions were broad, sev e ra l  being p re sen t  and 
they were centred  a t
V asym. 1,550 cm \  v sym. 1,360 cm 1
2) Conjugated n i t r o  groups = C C ^ ^ 2
-1  -1  V asym. 1,520 cm , v sym. 1,330 cm .
b) N itro so  groups
N itro so  absorp tions  were not observed
c) O le f in ic  absorp tions
R\ / H \  / H R \  Hc=:C /C- Cv LJIILJ
\ f /  R r/
3,015 - lcm 3010 cm” 1 3,080 cm” 1
1,650 -1cm 1,640 cm 1 1,640 cm 1
975 -1cm 840 cm 1 915 cm
VC-H s t r .  
vC=C s t r .
V o.o .p . d e f .
In  each case more than one absorp tion  was p re sen t .
2) I n te r p r e t a t i o n  of the main resonances found in  the n .m .r .  
spectrum
a) t = 8.6 -  8.88 This region con ta ins  a la rg e  number of methyl 
resonances, a t t r ib u te d  to  gem-di-methyl s t r u c tu r e s .
T 8 . 2  -  8 . 4  T h i s  r e g i o n  c o n t a i n s  6 a l l y l i c  m e t h y l s .
T 4 . 7 2 - 5 . 6 9  This region contains resonances compatible 
w ith  the fo llowing s t ru c tu re .
H
X / H /  A
y /  « / \
r B
Y
1) Ry -  A minimum of th ree  doublets  having the c o r re c t  
coupling constan t of ^16Hz.,and the c o rre c t  w eighting 
to  be Ry coupling to an u p f ie ld  H^, are observed in  th i s  
reg ion .
2) H i s  the X p a r t  of an ABXY spectrum, J  -16Hz, being X a i
the  s t ro n g e s t  coupling, and the o v e ra l l  resonance c o n s is t in g  
of 8 l in e s  with the fo llowing in te n s i ty  d i s t r i b u t io n .
✓ \
'x / f ' /
i i
The n .m .r spectrum of the o i l  contains approximately 
32 peaks in  the T region 4.72 to 5 .69 , and a t  l e a s t  two 
groups of resonances are  p re sen t ,  which c o n s is t  of 8 
peaks w ith the co rre c t  in te n s i ty  d i s t r i b u t io n ,  to  be
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a t t r ib u te d  to a proton of type H^.
3) In  the  t region 3.92 to 5.69 various resonances are
p re sen t  which are c o n s is te n t  w ith the following s t ru c tu re s
R
= C H 2 H— C NO2
R
The o i l  of R  ^ = 0 . 8  would appear to be a s e r ie s  of humulene 
based d e r iv a t iv e s  contain ing  a s in g le  n i t r o  group. The 
s t r u c tu r e s  may be isom eric, and probably involve simple 
rearrangements of the humulene s t ru c tu re .
e) Monitoring the production of the n i t ro x id e  r a d ic a l s  formed
when the diamagnetic pho to lys is  products of humulene n i t ro s i t e  
a re  allowed to  stand in  a i r
Table 2.12 i l l u s t r a t e s  the  d i s t r ib u t io n  of the  n i t ro x id e  
r a d ic a l s  as a func tion  of the Rf value of the  diamagnetic pe rcu rso rs
jL t
from which they were ox id ised .
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D is t r ib u t io n  of the n i tro x id e  ra d ic a ls  formed when the 
diamagnetic pho to lys is  products of humulene 
. n i t r o s i t e  are oxidised in  a i r
R. value
.L •
o f  p re c u rso r  
a)
0 . 8> R >0.6 r •
Paramagnetic species  observed
The n itro x id e  ra d ic a l  formed, when d isso lved  
in  chloroform, gives an e . p . r  spectrum, which 
c o n s is ts  of a 1 :1:1 t r i p l e t  [ i s o t r o p ic  <g> = 
2.0064 ± 0.0003; i s o t ro p ic  a ( 14N) = 15.4 ± 0.3G:]
b)
0 . 6> R >0.45X •
Two n i t ro x id e  r a d ic a ls  are  p re se n t ,  the  e . p . r .  
spectrum c o n s is t in g  of two 1:1:1 t r i p l e t s  
[ i s o t r o p i c  <g> = 2.0064 ± 0.0003; i s o t ro d ic
a ( 14N) = 15.7 ± 0 .3G :j,  and [ i s o t r o p i c  <g> =
14 i2.0058 ± 0.0003; i s o t ro p ic  a( N) = 15.0 ± 0.5GJ.
c)
0 . 45> R- >0.3X •
Two n i t ro x id e  ra d ic a ls  are  p re se n t .  One con tains
the s t r u c tu r a l  u n i t  R ^ R ^ -N O -C R ^ R ^  [ i s o t r o p i c
<g> = 2.0058 ± 0.0003; i s o t r o p ic  a ( ^ +N) =14.3 ±
0.3G: J. The second ra d ic a l  contains the
s t r u c tu r a l  u n i t  R ^ R ^ -N O -C H R ^  [ i s o t r o p i c  <g>
14= 2.0058 ± 0.0003; i s o t ro p ic  a( N) = 14.3 ± 0.3G; 
is o t ro p ic  a( H) = 5.8 ± 0.3G: j .
CHAPTER 3
REACTIONS OF HUMULENE AND CARYQPHYLLENE WITH 
THE OXIDES OF NITROGEN
3*1* The e x tra c t io n  of a sample of pure humulene from
tech n ica l  grade caryophyllene
A source of pure humulene was requ ired  to  re p le n ish  the
s tock  o f humulene n i t r o s i t e  which was now exhausted. Technichl
grade caryophyllene is  reported  in  the l i t e r a t u r e  to con ta in
approxim ately 13% humulene ( 1 4 ) ^ ^  and a n .m .r .  spectrum of
the m ixture confirmed t h i s .  The method employed to  e x t r a c t  pure
humulene from th is  m ixture, i s  based on a technique developed by
102M.D. Sutherland  and R.P. Hildebrand which makes use of the 
d i f f e r e n t i a l  s o l u b i l i t i e s  of the s i lv e r  n i t r a t e  adducts of humulene 
and caryophyllene, in  the so lven ts  w ater , and e th an o l .  The e x ac t '  
experim ental procedures involved a re  described in  appendix 3, 
s e c t io n  3 1. V  and they include d e t a i l s  of s ev e ra l  innova tions , which 
were in troduced to  increase  the y ie ld .  In  the l a t e r  s tages  of th i s  
in v e s t ig a t io n ,  humulene was a lso  ex trac ted  from hop o i l .  The hop- .oil 
was f i r s t  d i s t i l l e d ,  and the f r a c t io n  of b . p t .  90-100°C/ 1mm was 
su b jec te d  to  procedures completely analogous to those described  m
appendix 3, s ec t io n  3 r . l * .
At a l l  s tages  of i t s  e x t ra c t io n ,  the p u r i ty  of the 
humulene enriched samples was monitored using *H n .m .r .  spectroscopy . 
F igure  3.1 shows the XH n .m .r .  spectrum of the pure humulene, and
the p e r t in e n t  da ta  ex trac ted  from th i s  spectrum are  summarised in
103Table 3 .2 ,  appendix 3. S. Dev, e t . a l .  have s tu d ied  the temper-
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a tu re  dependence C>f the H n .m .r .  spectrum of pure humulene 
and although they do not give a complete an a ly s is  of a l l  the 
resonances , they demonstrate th a t  humulene has a very f l e x ib l e  
s t r u c tu r e  a t  room temperature, and th a t  the main b a r r i e r  to 
in v e rs io n  involves a f l ip p in g  of the double bond over carbons 
3 and 4. The spectrum shown in f ig u re  3.1 was recorded a t  + 30°C 
and the conformational m obility  i s  such, th a t  the p ro tons oii 
Cg, and c o n s t i tu te  an A^ XY system, on C,., C^, and
an A0B X system, and on C„, C_ an A0X system.
2  2 £ . 5  2.
Humulene (14)
3.2 The rea c t io n s  of humulene w ith the  oxides of n i tro g en
In  p reparing  a sample of humulene n i t r o s i t e ,  care  was
taken to  follow as c lo se ly  as p o ss ib le  the procedures employed by 
72S. M itc h e l l .  The b a s is  of the method is  to allow humulene to  
r e a c t  w ith  an equ ivalen t amount of ^ 2 ^ 3 * 8 enera^6 d by adding a 
drop o f  g la c i a l  a c e t ic  ac id ,  to a sa tu ra te d  aqueous s o lu t io n  of 
NaNC^* The re a c t io n  products were then to  be c a r e fu l ly  monitored 
fo r  evidence of the formation of the following types of sp ec ie s .
1) In  appendix 2 sec t io n  2I . 2 I . 1 I i t  was demonstrated th a t  the 
sample of humulene n i t r o s i t e  prepared by M itchell  contained 
two c lea r  c r y s t a l l i n e  im purit ie s  which were removed chromato-
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g ra p h ic a l ly .  These species  may have t h e i r  o r ig in s  in  the 
r e a c t io n  of humulene with the oxides of n i tro g en .
2) I t  was demonstrated in  Chapter 2 th a t  humulene n i t r o s i t e  did 
not form by a process involving a tran san n u la r  c y c l i s a t io n  
of the  humulene r in g ,  however when humulene i s  allowed to 
come in to  con tac t with the oxides of n i t ro g en  in  the presence 
of an a c id ic  medium, o ther species  may form v ia  such a 
mechanism.
The experimental d e t a i l s  involved in  re a c t in g  humulene 
w ith  ^ 2 ^ 3 * are d iscussed  i-n appendix 3 s e c t io n  3 f .2 '  ( a ) .  The 
products  obtained from the re a c t io n  y ie ld  on c r y s t a l l i s a t i o n ,  
from e th an o l ,  a mixture of c r y s ta l l in e  d e r iv a t iv e s  and a yellow 
o i l .
a) The c r y s t a l l i n e  d e r iv a t iv e s  formed when humulene r e a c ts  w ith  
the oxides of n itro g en
Figure 3.2 i l l u s t r a t e s  the c r y s t a l l i n e  d e r iv a t iv e s  which 
form when humulene is  reac ted  with the oxides of n i t ro g en .  The 
th ree  pure d e r iv a t iv e s  were i s o la te d  using s i l i c a  column chromato­
graphy and f u l l  d e t a i l s  of the sep a ra t io n  techniques used a re  
contained  in  appendix 3 sec t io n  3 ' . 2 ’ ( b ) . The th ree  d e r iv a t iv e s  
were c h a ra c te r is e d  by an ana ly s is  and comparison of t h e i r  n .m .r . ,
i n f r a - r e d ,  and mass sp ec tra  and an elem ental an a ly s is  was obtained
1
in  each case . Figure 2.17 shows a comparison of the H n .m .r .  
s p e c t r a  of the th ree  spec ie s ,  humulene n i t r o s i t e  (17), d i n i t r o — 
humulene (24),. and n itro -n i tra to -h u m u len e  (26).
Humulene n i t r o s i t e  (17)
Humulene n i t r o s i t e  was the major product i s o l a t e d ,  and
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the sp ec tro sco p ic  evidence ind ica ted  th a t  a l l  the contaminants 
had been removed.
The remaining two c r y s t a l l i n e  spec ies  accounted fo r  
le s s  than 18% by weight of the t o t a l  product and were id e n t i f i e d  
as the  two im p u r i t ie s  p re sen t  in  the humulene n i t r o s i t e  donated by 
M itc h e l l .
D initro-humulene (24)
One o f the c le a r  c r y s ta l l in e  d e r iv a t iv e s  was immediately 
c h a ra c te r is e d  as  dinitro-hum ulene (24), having an em pirica l 
formula ^^ 5 ^ 2 4 ^2^4* anc  ^ id e n t i c a l  n .m .r . ,  in f r a - re d ,a n d  mass 
s p e c t r a ,  to  those of a pure sample of d in itro-hum ulene, which had 
been p rev io u s ly  i s o la te d  and f u l l y  c h a ra c te r is e d  as one of the 
products  formed on i r r a d i a t i n g  humulene n i t r o s i t e  in  red l i g h t .
The p e r t in e n t  da ta  from the n .m .r .  and in f r a - r e d  sp e c tra  of 
d in itro -hum ulene (24) have been p rev ious ly  summarised in  ta b le s  
2 .10, and 2 .1 1 ,re s p e c t iv e ly .
I t  should be noted th a t  a l l  the experim ental work, 
inc lu d in g  the chromatographic s e p a ra t io n s ,  involved in  e x t ra c t in g  
the products  formed when humulene is  reac ted  w ith  ^ O ^ ,  were 
performed in  the absence of l i g h t .  The dinitro-hum ulene obtained 
i s  thus a product of the r e a c t io n  of humulene w ith  N2°3 an(* 
i t s  presence i s  no t due to the p h o to ly t ic  decomposition of 
humulene n i t r o s i t e .
N itro -n itra to -hum ulene  (26)
The th i r d  c r y s ta l l in e  d e r iv a t iv e  has the em pirica l
formula C H based on the r e s u l t s  of an e lem ental a n a ly s is15 24 2 5
1
shown in  tab le  3.3 appendix 3. A d e ta i le d  comparison of the  H n.m.
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and in f r a - r e d  sp ec tra  of th i s  d e r iv a t iv e  w ith  those of humulene 
■ n i t ro s i te  (17 ) ,  and dinitro-hum ulene (24), revealed  the fo llowing 
p o in t s .
1) The spec tro scop ic  evidence i s  c o n s is te n t  w ith  a l l  th ree
compounds having an id e n t ic a l  s t r u c tu r e ,  except fo r  the
n a tu re  of the group a ttached  to  CQ.
o
2) The in f r a - r e d  sp ec tra  in d ic a te  the presence of the following 
groups on Cg.
Humulene 
n i t r o s i t e  (17) 
n i t r o s o  
VN = 0 s t r .  1,570 cm-1
Dinitro-humulene
(24)
n i t r o
VNO^  asym. 1,545 cm-1
vNO  ^ sym. 1,355 cm-1
Third c r y s t a l l i n e
d e r iv a t iv e .
n i t r a t e
VONO2  sy m .s tr .  1,632 cm-1
VONO2  a sy m .s t r .1,287 cm-1
VN-0 s t r . 852 cm-1
3) The n .m .r .  sp ec tra  have methyl resonances c o n s is te n t  w ith  
the  following s t r u c tu r e s .
Humulene n i t r o s i t e  (17) S .t -  8.75 CH - C - N O  
3 I
Dinitro-humulene (24) S.T -  8.08 CH - C —  NO,  
3 j 1
Third c r y s t a l l i n e  d e r iv a t iv e  S.T = 8.35 CH C ONCL
«■* I ■*
This th i r d  d e r iv a t iv e  was thus c h a rac te r is ed  as the n i t r o -  
n i t r a t o  d e r iv a t iv e  of humulene, of s t ru c tu re  (26), ano. the p e r t in e n t  
d a ta  from i t s  l E n .m .r . ,  and in f r a - r e d  sp e c tra  are  summarised in  
appendix 3, tab les  3.4 and 3.5 re sp e c t iv e ly .
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The H n .m .r .  sp ec tra  of humulene n i t r o s i t e  (17)* 
d in itro -hum ulene  (24), and n i t r o - n i t r a t o —humulene (26), shows no 
d u p l ic a t io n  of resonances fo r  the protons on the asymmetric carbon 
atoms and Cg, or on the ad jacen t carbon atoms Cg and C^, of the 
type which might in d ic a te  the presence of d ia s te re o iso m e rs . The 
a d d i t io n  of the  ap p rop ria te  oxides of n i t ro g en , over the double 
bond of humulene, is  thus s te r e o s p e c i f ic ,  the most, probable  products 
being  the t ra n s  co n f ig u ra t io n s ,  the c is  co n f ig u ra t io n s  being 
s t e r i c a l l y  congested. The experim entally  observed pro ton  coupling 
c o n s ta n ts ,  fo r  dinitro-humulene (24), and n i tro -n i t ra to -h u m u len e  
(26) a re  c o n s is te n t  w ith th e i r  having a p re fe r re d  conformation s im ila r  
to  th a t  p o s tu la te d  fo r  humulene n i t r o s i t e  (17), which i s  i l l u s t r a t e d  
in  f ig u re  2 .3 ,  and is  based on a d ia x ia l  ad d it io n  o f  ^ ^ 3  to  the 
p re fe r r e d  conformation of humulene.
No products formed by a t ran san n u la r  c y c l i s a t io n  of the  
humulene r in g  were observed.
2) The n a tu re  of the yellow o i l  formed when humulene re a c ts  w ith  
the oxides of n itro g en
When humulene re a c ts  w ith the oxides of n i t ro g e n ,  the 
products  c o n s is t  of the th ree  c r y s t a l l i n e  d e r iv a t iv e s  d iscussed  
above and a yellow o i l .  The y ie ld s  of humulene n i t r o s i t e  obtained 
in  the r e a c t io n  were sm all,  approximately 15%. Attempts were made 
to  in c rease  the  y ie ld  by recyc ling  unreacted humulene and ao.cnng 
a la rg e  excess of ^ O g .  Each cycle produced a crude product which 
was becoming greener in  co lour, and when these  products were kept 
in  co n tac t  w ith  N 0 , the humulene n i t r o s i t e  reac ted  leav ing  a 
yellow o i l .  I t  was thus u n c e r ta in  as to  whether the yellow o i l  
formed from the re a c t io n  of humulene w ith  the oxides of n i t ro g en ,
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or the  re a c t io n  of humulene n i t r o s i t e  with the oxides of n i t ro g en .
Figure 3.3 shows the e . p . r .  spectrum a t  295°K, of a 
d i l u t e  degassed so lu t io n  in  chloroform of the yellow o i l  formed 
when humulene r e a c t s  with Two n i t ro x id e  r a d ic a l s  appear to
be p r e s e n t : -
Radical A The e . p . r .  spectrum of ra d ic a l  A c o n s is ts  of a 1 :1:1
t r i p l e t  £ i s o t ro p ic  <g> = 2.0059 ± 0.0002; i s o t r o p ic  a (^ 4N) =
14.6 ± 0 .2G :]. This r a d ic a l  contains the m olecular fragment
R. R_R C - N 0 - C R . •1 2 3 4 5 6
Radical B The e . p . r .  spectrum of r a d ic a l  B, c o n s is ts  of a
1 :1 :1  t r i p l e t ,  fu r th e r  s p l i t  in to  doublets  by the i n te r a c t io n
w ith  a p ro ton  £ i s o t ro p ic  <g> = 2.0062 ±0.0002; i s o t r o p ic  
a (^ 4N) = 14.8 ± 0.2G; i s o t ro p ic  a(*H) = 3.5 ± 0.5G:~|. This
m
r a d ic a l  contains the molecular fragment R^R^R^C-NO-CHR^R^.
I f  the so lu t io n  con ta in ing  n i t ro x id e  r a d ic a l s  A and B 
i s  allowed to  s tand , then ra d ic a l  B d isp ro p o r t io n a te s  to  diamag­
n e t i c  spec ies  and the e . p . r .  spectrum which remains i s  shown in  
f ig u re  3 .4 .  Two n i t ro x id e  ra d ic a ls  con ta in ing  the s t r u c tu r a l
u n i t  R,R-R-C-N0-CR,RCR/;, are now seen to be p re se n t .1 2 3 4 5 o
R adical A  ^ ^ is o t ro p ic  <g> = 2.0059 ± 0.0002; i s o t r o p ic
a ( 14N) = 14.6 ± 0.2G:].
Radical A^  £ i s o t ro p ic  <g> = 2.0062 ± 0.0002; i s o t ro p ic  
a ( 14N) = 15.0 ± 0 .2G :J .
When a pure sample of humulene n i t r o s i t e  i s  reac ted  w ith  
the oxides of n itrogen , the product c o n s is ts  or a yellow o i l ,  whose 
£ . p . r .  spectrum in  so lu t io n ,  i s  exac tly  the  same as th a t  shown in  
f ig u r e  3 .3 .  The paramagnetic species  thus appear to  form from 
the  r e a c t io n  of humulene n i t r o s i t e  w ith  the oxides of n i t ro g en .  
Q u a n t i ta t iv e  s i l i c a  t . l . c .  has a lso  enabled the i s o la t io n  of
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s e v e ra l  diamagnetic compounds from both the o i l  formed when 
humulene r e a c ts  with and the o i l  formed when humulene
n i t r o s i t e  r e a c ts  w ith N?0 .2 3
I t  was decided to  in v e s t ig a te  fu r th e r -  th i s  i n t e r ­
e s t i n g  re a c t io n  of humulene n i t r o s i t e  w ith  the oxides of n i tro g en  
in  o rd e r  to  c le a r  up the following p o in ts .
1) What i s  the na ture  of the paramagnetic spec ies  and by what 
mechanism do they form?
.^) What i s  the na ture  of the diamagnetic sp ec ie s ,  and which of
th e s e .a r e  formed by the re a c t io n  of humulene n i t r o s i t e  w ith
N90 and which by the rea c t io n  of humulene w ith  NJ3 ?
A J 2 3
3) F in a l ly  do any of the diamagnetic products form by a 
tranSannular  c y c l i s a t io n  of the humulene r ing?
These s tu d ie s  of the re a c t io n  of humulene n i t r o s i t e  
w ith  are  d iscussed f u l ly  in  chapter 5, however be fo re  th i s
in v e s t ig a t i o n  was undertaken, experiments aimed a t  determ ining 
the mechanisms involved in  the formation of the paramagnetic 
sp ec ie s  observed, when humulene n i t r o s i t e  i s  i r r a d ia te d  w ith  red 
l i g h t  were resumed.
3) S o lid  so lu t io n s  of humulene n i t r o s i t e  (17) in  d i n i t r o -  
humulene (24) and n itro -n i tra to -h u m u len e  (26)
The discovery of dinitro-humulene (24), and n i t r o - n i t r a t n  
humulene (26) was fo r tu i to u s ,  as both r e a d i ly  formed s o l id  
s o lu t io n s  w ith humulene n i t r o s i t e ,  and th i s  provided a method 
o f i s o l a t i n g  molecules of humulene n i t r o s i t e  w ith in  a h o s t  l a t t i c e .  
I f  the  red  ex c ited  n i t ro s o  group of such an i s o la te d  molecule of 
humulene n i t r o s i t e  did not r e a c t  with the hos t m olecules, then 
n i t r o x id e  ra d ic a ls  could only form by tran san n u la r  c y c l i s a t io n s  ,
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of the  type p o s tu la ted  by scheme I I  shown in  f ig u re  2 .9 . Thus 
•by m onitoring  the i r r a d i a t i o n  of d i lu te  s o l id  so lu t io n s  of humulene 
n i t r o s i t e  in  d in itro-hum ulene, i t  was hoped to determine i f  
p h o to ly s is  scheme I I  opera ted .
A co n tro l  experiment was however requ ired  to  determine 
i f  the  red  e x c i ted  n i t ro so  group did or did not r e a c t  w ith  the  
l a t t i c e  m olecules. Caryophyllene n i t r o s i t e  (2) does no t appear 
to  form n i t r o x id e  r a d ic a ls  by c y c l i s a t io n  re a c t io n s  analogous to  
those p o s tu la te d  fo r  humulene n i t r o s i t e  under scheme I I .  Such 
a c y c l i s a t i o n  in  caryophyllene n i t r o s i t e  would produce the fo llow ing 
in te rm e d ia te
t
This in te rm ed ia te  can not be s t a b i l i s e d  by the loss  of a pro ton  from 
the  carbon ad jacen t to  the ra d ic a l  s i t e ,  nor can the a l ip h a t i c  r a d ic a l  
f u r th e r  i n t e r a c t  with neighbouring molecules, th i s  l a t t e r  p o s s i b i l i t y  
having been discounted by McConnell, P o r te ,  e t . a l .  Thus i f  a 
d i l u t e  s o lu t io n  of caryophyllene n i t r o s i t e  (2) in  d in i t ro -c a ry o p h y l-  
lene (27) were to  be i r r a d ia te d  in  red l i g h t ,  then n i t ro x id e  ra d ic a ls  
could only form by the in te r a c t io n  of the red exc ited  n i t ro s o  group 
w ith  neighbouring l a t t i c e  molecules of d in i t r o —caryophyllene.
Samples of caryophyllene n i t r o s i t e  (2) and d in itro -ca ry o p h y llen e  (27) 
were thus prepared , using a completely analogous procedure to  th a t  
j u s t  described  fo r  p reparing  the corresponding humulene d e r iv a t iv e s .
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3.3 The re a c t io n  of caryophyllene with the oxides of n i tro g en
When caryophyllene re a c ts  with the oxides of n itro g en
using  the procedures described  in  appendix 3 s e c t io n  3 1.3*, the
products  c o n s is t  of a mixture of c r y s t a l l i n e  d e r iv a t iv e s  or
caryophyllene and a yellow o i l .
The c r y s t a l l i n e  d e r iv a t iv e s  formed when caryophyllene re a c ts
w ith  the oxides of n i tro g en
Two pure c r y s t a l l i n e  d e r iv a t iv e s  namely caryophyllene
n i t r o s i t e  (2 ) ,  and d in i t ro -ca ry o p h y l len e  (27) , form when caryo'ph-
y l le n e  i s  reac ted  with the oxides of n i tro g en .  The two products
were i s o la te d  using s i l i c a  column chromatography, and f u l l  d e t a i l s
of the  sep a ra t io n  techniques used are  contained in  appendix 3,
se c t io n  3 ' . 3 * .  Both products were c h a rac te r is ed  by an a n a ly s is
and comparison of t h e i r  n .m .r . ,  i n f r a - r e d ,  and mass sp e c tra ,
and an e lem ental an a ly s is  was obtained in  each case . F igure  3 .5 ‘
shows a comparison o f the n .m .r .  sp ec tra  of caryophyllene
n i t r o s i t e  (2) and d in i t ro -ca ry o p h y l len e  (27).
Caryophyllene n i t r o s i t e  (2)
Caryophyllene n i t r o s i t e  was the major product i s o la te d
and spec tro scop ic  evidence in d ica ted  th a t  a l l  the contaminants
had been removed.
D in itro -ca ryophy llene  (27)
A c le a r  c r y s t a l l i n e  d e r iv a t iv e  which had the  em pirica l
formula C. JU.N-O. based on the r e s u l t s  of the  elem ental a n a ly s is  15 24 2 4
shown in  ta b le  3 .6 .  appendix 3 was i s o la te d .  A d e ta i l e d  comparison 
of the  *H n .m .r . ,a n d  in f r a - r e d  sp ec tra  of th i s  d e r iv a t iv e ,  w ith  
those of caryophyllene n i t r o s i t e  (2 ) ,  enabled i t  to  be c h a ra c te r is e d ,
97
Figure
t ' r
j  i L
9 T
I X
(B)
9 T
3.5 The H n .m .r .  sp ec tra  of so lu t io n s  of (A) d in i t r o -  
caryophyllene (27) and (B) caryophyllene
n i t r o s i t e  (2) in  CDCl^, recorded in  the  T range 4 to 9.
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as the d in i t r o  d e r iv a t iv e  of caryophyllene shown below.
D in itro -ca ryophy llene  (27)
The p e r t in e n t  d a ta  from the H n .m .r .  and in f r a - r e d  
sp e c t ra  of d in i t ro -c a ry o p h y l len e  (27) are  summarised in  ta b le s  
3 .7 ,  and 3 .8  r e s p e c t iv e ly .
The c h a r a c te r i s a t io n  of s t r u c tu r e  (27) was based p r im ar i ly  
on the fo llowing o b se rv a tio n s .
1) The spec tro scop ic  evidence in d ic a te s  th a t  the  s t r u c tu r e  of 
the  c le a r  c r y s ta l s  and of caryophyllene n i t r o s i t e  (2) d i f f e r s  
only in  the  na tu re  of the group a ttached  to CQ.O
2) The in f r a - r e d  sp e c tra  in d ic a te  the  presence of the following 
groups on Cg.
Caryophyllene n i t r o s i t e  
n i t r o s o
VN = 0 1,570 cm-1
Clear c r y s t a l l i n e  d e r iv a t iv e  
n i t r o
VNO^  asym. 
VNO2  sym.
1,550 cm” 1 
1,340 cm” 1
3) The H n .m .r .  sp ec tra  have methyl resonances c o n s is te n t  w ith 
the fo llow ing s t ru c tu re s  ,
Caryophyllene n i t r o s i t e  (2) St = 8.76 
C lear c r y s t a l l i n e  d e r iv a t iv e  St = 8.05
C H - C — NO 
3 1
C H -C -N C L  
3 I 2
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4) The mass sp ec tra  obtained from the c le a r  c r y s ta l s  and from 
caryophyllene n i t r o s i t e  d i f f e r  only in  the p o s i t io n  of the 
p a ren t  molecular ion.
The c r y s t a l l i n e  d e r iv a t iv e s  of humulene and caryophyl­
le n e ,  namely humulene n i t r o s i t e  (17), d in itro-hum ulene  (24), 
n i tro -n i t ra to -h u m u len e  (26), caryophyllene n i t r o s i t e  (2 ) ,  and 
d in i t ro -ca ry o p h y l len e  (27), provided a s e t  of n .m .r .and  
in f r a - r e d  s p e c tra ,  which were very u se fu l  in  help ing  to  ch a rac t­
e r i s e  o th e r  products  obtained as the  in v e s t ig a t io n s  continued,
b) The na tu re  of the yellow o i l  formed when caryophyllene re a c ts  
w ith  the oxides of n itrogen
The yellow o i l  formed when caryophyllene i s  reac ted  w ith  
the  oxides of n itro g en  has been shown by t . l . c .  to c o n s is t  of 
s e v e ra l  components. F igure 3 .6  shows the e . p . r .  spectrum a t  
295°K of a d i lu te  degassed so lu t io n  of t h i s  yellow o i l  in  chloroform. 
A s in g le  n i t ro x id e  ra d ic a l  i s  p re se n t ,  and the e . p . r .  spectrum
c o n s is ts  of a 1 :1:1  t r i p l e t  ^ i s o t r o p ic  <g> = 2.0059 ± 0.0002;
14 1 .i s o t r o p ic  a( N) = 15.9 ± 0.1G: . This r a d ic a l ,  r a d ic a l  C,
con ta in s  the  molecular fragment R^R^R^C'NO-CR^R^R^.
When a pure sample of caryophyllene n i t r o s i t e  r e a c ts
w ith  the  oxides of n i t ro g en , the product obtain- i s  a lso  a yellow
o i l ;  in  so lu t io n  th is  has an e . p . r .  spectrum, which i s  the same
as t h a t  shown in  f ig u re  3 .6 . Thus caryophyllene n i t r o s i t e ,  l ik e
humulene n i t r o s i t e ,  can re a c t  with the  oxides of n i tro g en  to  provide
paramagnetic sp ec ie s .  This r e a c t io n  of the n i t r o s i t e s  w ith  the
oxides o f  n i t ro g en ,  i s  f u l l y  in v e s t ig a te d  a t  a l a t e r  s tag e ,  and is
d iscussed  in  chapter 5.
Having prepared both  humulene n i t r o s i t e  (17) and
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caryophyllene  n i t r o s i t e  (2 ) ,  and th e i r  corresponding d i n i t r o -  
d e r iv a t iv e s  (24) and (27), in v e s t ig a t io n s  in to  the mechanisms in ­
volved in  the p h o to ly s is  r e a c ts  of humulene n i t r o s i t e ,  were resumed.
. ..
' i  ■ 
!
Li . - ’i! -j - -
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Figure 3 .6  The e . p . r .  spectrum of a . d i l u t e  degassed so lu t io n  in
chloroform, of the yellox* o i l  formed when caryophyllene 
(1) r e a c t s  with ^ 0 ^ *  The spectrum was recorded a t  295°K.
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APPENDIX 3
3 1. 1 1 The e x t r a c t io n  of a sample of pure humulene from
te c h n ic a l  grade caryophyllene
The method used fo r  the e x t r a c t io n  of humulene from
te c h n ic a l  grade caryophyllene i s  based on the method employed by
102R.P. H ildebrand, and M.D. Sutherland  w ith  some innovations  
in co rp o ra te d .
a ) The e x t r a c t io n  of a sample enriched in  humul e ne from
te c h n ic a l  grade caryophyllene
The n .m .r .  spectrum of te c h n ic a l  grade caryophyllene 
was recorded and a comparison of the  r e l a t i v e  i n t e n s i t i e s  of the  
gem-dimethyl peak of humulene (14) s in g le t  a t  T = 8.90 w ith  the  
gem-dimethyl resonances of caryophyllene (1) a t  T = 8 .97 , and 
T = 8.99 showed the mixture to  con ta in  12% humulene and 88% 
caryophy llene .
Procedure as adopted by R.P. H ildebrand and M.D. Sutherland 
Technical grade caryophyllene , 50 gm was shaken w ith  
the  t h e o r e t i c a l  amount ( fo r  adduct formation) of s i l v e r  n i t r a t e  
in  a 50% W/W aqueous s o lu t io n  130 ml. A viscous o i l  formed over 
the  aqueous la y e r ,  and a f t e r  s ev e ra l  hours th i s  o i l  s o l i d i f i e d  
to  a w hite  s o l id .  This w hite  s o l id  which i s  predominantly 
caryophyllene: AgNO^  adduct, was removed by f i l t r a t i o n  and the
aqueous la y e r ,  when steam d i s t i l l e d ,  y ie lded  2.4 gm of product 
a 40% y ie ld .  The ^H n .m .r .  spectrum of t h i s  product showed i t  
to  c o n s is t  of 80% humulene, and 20% caryophyllene. Using the 
procedures described  above, H ildebrand, and Sutherland achieved 
a 50% y ie ld  of product of composition, 12% caryophyllene , and 
88% humulene.
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Innovations  made to  in c rease  the y ie ld  of humulene
1) In  p r a c t ic e  excess AgNO^  must be added, as the adduct 
form ation involves an eq u il ib r iu m  p rocess .
AgNO^   ^  ^ + te rpeno id   ^ adduct.
2) By in c reas in g  the volume of the 50% W/W AgNO^  s o lu t io n  added, 
the  y ie ld  of product i s  improved, w ithout s i g n i f i c a n t ly  
a l t e r in g  the  composition of the  p roduct. This i s  i l l u s t r a t e d  
below in  t a b le  3 .1 .
Table 3 .1
V aria t io n  in  the y ie ld  of humulene enriched product on 
changing the volume of the  50% W/W AgNO^  s o lu t io n  added
Concentration of Volume of Y ield of Composition
AgNO^  AgNOg so lu t io n  product of product
50% W/W 130 ml 2 .4  gm 'v 80% humulene
50% W/W 650 ml 3 .2  gm 'V 80% humulene
3) I f  the aqueous phase i s  allowed to  stand fo r  24 hours p r io r  
to  steam d i s t i l l a t i o n ,  then c le a r  needles  of caryophyllene: . 
AgNO^  form. These needles  can be removed by f i l t r a t i o n ,  and 
steam d i s t i l l a t i o n  of the  f i l t r a t e  y ie ld s  a product of 
composition 16% caryophyllene and 84% humulene.
4) I f  a l l  the  s o l id  caryophyllene: AgNO^  adduct i s  rewashed,
and the above procedure rep ea ted ,  a fu r th e r  1.3 gm of product 
a re  ob ta ined . An aqueous so lu t io n  of 50% W/W AgNO  ^ must
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be used fo r  th i s  washing process otherw ise  the caryophyllene: 
AgNO^  adduct d i s s o c ia te s ,
b) The e x t r a c t io n  of pure humulene from the mixture of composition
84% humulene and 16% caryophyllene
The 4 .5  gm of sample enriched in  humulene was d isso lved  
in  10 ml of l i g h t  petroleum , and the r e q u i s i t e  amount of 50% W/W
a q .  AgNOg so lu t io n  added. On s tand ing  c le a r  w hite  c r y s t a l l i n e
needles  of humulene: (AgNO^^ (25) formed in  the l i g h t  petroleum 
la y e r .  These c r y s ta l s  were d r ie d ,  and c r y s t a l l i s e d  sev e ra l  times 
from ho t e th an o l ,  y ie ld in g  7 .0  gm of humulene: (AgNO^^ of  m .pt.
= 176 ± 0.5°C. Steam d i s t i l l a t i o n  of these  w hite  c r y s ta l s  allowed 
the  recovery of 2 .6 gm of pure humulene. The p e r t in e n t  d a ta  from 
the  n .m .r .  spectrum of t h i s  sample of pure humulene a re  summari­
sed in  ta b le  3 .2 .  The aqueous la y e r  was a lso  steam d i s t i l l e d ,  
and was found to con ta in  1.3 gm of a mixture of composition 53% 
humulene, 7% caryophyllene .
The even tua l y ie ld  of humulene was 3 .6  gm, which i s  
60% of the  humulene p re se n t  in  50 gm of te c h n ic a l  grade caryophyl­
le n e .
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Table 3.2
P e r t i n e n t  d a ta  from the n .m .r .  spectrum of humulene
Humulene (14)
a) 12CHn S T = 8.90 I * 6H.„cV ,c
2CH x  /C H
v /
\ 5Nc
6C H \  /C H .
2 \ z  _ 8 /  r3
or C— C
/  \ 9
H \
S x = 8 . 5 5  shows a small coupling J<lHz. 
S T = 8.35 shows a small coupling J<lHz.
c)
1)
E th y len ic  protons
- i ' v  /H\ n  , 0 /  X
c = c,/H
H doublet T = 4.88, J 
I  I
H multiplet 
A
16.0Hz. I =1H. 
T = 4.42 , I = 1H.
H is the part of an quartet of J 
X XI
= 16.0Hz. due to trans
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coupling  w ith  Each l in e  is  s p l i t  f u r th e r  in to  1:2:1 t r i p l e t s ,
through in te r a c t io n  with the CR~ of C , J  = 7Hz. ^ 7
2 6
2) CH„\ /CH C H \ ,CH’ 2\ _ ¥  3 2 \ 7  e /  3C— C or c = C
H7  X C h 7  \
1 :2 :1  t r i p l e t  t « 5.01 , I  = 1H, J  = 7Hz.
1 :2 :1  t r i p l e t  x = 5 .0 9 ,  I  = 1H, J  * 7Hz.
J X _ _  9
d) " C\ 2
 1  1C — CH
' 3
H y X
Doublet x = 7 .49 , I  = 2H, J  = 7Hz., appears as the part, of an 
A£X spectrum.
\  / H '\ 4  3 /
e )  / C _ C \ 2
CH3 CJj2 ~
The underlined  p ro tonsa re the  p a r t  of an A^X spectrum. Doublet 
X = 8 .0 7 , I  = 2H, and J  = 7.5Hz.
II II
f) / C \ 5 6 A.CH X CH- CH H
3 ~1 ~ 2
M u lt ip le t  x = 7 .9 0 , I  = 4H.
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3*2 The p rep a ra t io n  of a pure sample of humulene n i t r o s i t e  
*
The method used to p repare  humulene n i t r o s i t e  from
humulene does not d i f f e r  s i g n i f i c a n t ly  from th a t  employed by 
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S. M itc h e l l .  This was based on work o jr ig ina lly  c a r r ie d  out 
v m. 64 ,65 .by Chapman. Several in t e r e s t in g  observa tions  which were
no t d e tec ted  in  the e a r l i e r  work were however made.
a) R ep e ti t io n  of the procedure used by Mitchel l  to  p repare  
humulene n i t r o s i t e
The following procedure was designed to  allow one 
eq u iv a len t  of humulene to re a c t  w ith  one eq u iv a len t  of 
3 gm of humulene are  d isso lved  in  7.5 ml of petroleum  e th e r  
&0-60°C) and cooled to  ML0°C. A sa tu ra te d  aqueous so lu t io n  
of NaNO  ^ (2 gm), i s  a lso  cooled to  10°C and the two so lu t io n s  
a re  mixed. 1.2 ml of g la c ia l  a c e t ic  acid  are  added dropwise 
w ith  con tinua l s t i r r i n g ,  over a period  of one hour. The p e t ­
roleum e th e r  lay e r  tu rns  a b lue  green co lour, and when l e f t  
f o r  t h i r t y  minutes a t  0°C in  an ic e  b a th ,  a b lue  s o l id  p r e c ip i ­
ta t e s  ou t .  This so l id  i s  f i l t e r e d  and r e c r y s t a l l i s e d  from 
e thano l y ie ld in g  blue needle shaped, c r y s ta l s  of M.pt = 112 ± 
2°C ,y ie ld  = 0.45 gm - 15%. The above procedure was c a r r ie d  out 
in  t o t a l  darkness to avoid any p h o to ly s is  r e a c t io n s .
Innovations made to improve the y ie ld  of humulene n i t r o s i t e  
The b lue  p r e c ip i t a t e  from the petroleum e th e r  lay e r  
was o i ly .  Washing with petroleum e th e r  removed th i s  o i l  which 
was c h a ra c te r is e d  using 1H n .m .r .  spectroscopy as unreacted 
humulene. This humulene was recycled  and when excess ^ 0 ^  
was generated  in  the  petroleum e th e r  la y e r ,  the  so lu t io n  became
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a dark green co lour.  On allowing th i s  dark green so lu t io n  to 
stand  a t  0 C, more blue c r y s ta l s  p re c ip i t a t e d  ou t.  By re p e a tin g  
the above procedure sev e ra l  tim es, the y ie ld  of humulene n i t r o s i t e  
could be increased  to approximately 45%. I t  was noted th a t  each 
cycle  produced a crude product before  r e - c r y s t a l l i s a t i o n  which 
was becoming greener in  co lou r ,  and ev en tu a lly  a yellow o i l  was 
the so le  p roduc t.  C r y s ta l l i s a t io n  of the green m a te r ia l  from 
e th an o l gave b lue  c r y s ta l s  and a yellow so lu t io n  remained,
b ) I s o la t io n  of the c r y s t a l l i n e  d e r iv a t iv e s  formed when humulene 
re a c t s  w ith
A q u a l i t a t i v e  s i l i c a  t . l . c .  of the  c r y s t a l l i n e  products 
of the  r e a c t io n  of humulene w ith  using  e th e r :  p e t . e t h e r  (50:50)
as s o lv e n t ,  showed the presence of th ree  components a t  Rf  = 0 . 3 6 ,
Rp = 0 .58 , and R-. = 0 .66 . These R values  co incide  ex ac tly  w ith
X • X « X •
those ob ta ined  fo r  the im p u r i t ie s ,  which were found to  be p re sen t  in  
the  humulene n i t r o s i t e  donated by M itch e ll .  A q u a n t i t a t iv e  separa­
t io n  of these  components was achieved by us ing  s i l i c a  column chrom­
atography, w ith  columns 1.5 m long, w ith  e th e r :  p e t . e t h e r  (50:50) as 
so lv en t .  When 400 mg of humulene n i t r o s i t e  were chromatographed 
and 25 f r a c t io n s  each 10 ml c o l le c te d ,  then the fo llowing r e s u l t s  
were ob ta ined :
F rac t io n  R  ^ Content % by weight
X •
1 - 6  0.66 Blue needle  shaped c r y s ta l s  c r y s t ­
a l l i s e d  from EtOH. M.pt. = 118 ± 1°C. 79.3 •
7 -  12 0.57 Clear needle shaped c r y s ta l s  c r y s t ­
a l l i s e d  from EtOH. M.pt. = 136.8 ± 0.5°C. 8 .5
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1 5 .-  20 0.36 C lear needle shaped c r y s ta l s  c r y s t -  9 .6
a l l i s e d  from EtOH. M.pt. = 169 -  0.5°C
The H .n . m . r i n f r a - r e d , a n d  mass s p e c t ra ,  and an elemen­
t a l  a n a ly s is  were obtained fo r  each sp e c ie s .  A ll th ree  components 
have been f u l l y  c h a ra c te r is e d ,  the component of R  ^ = 0.36 being 
d in itro -hum ulene  (24), the component of = 0.57 being  n i t r o -X •
n itra to -hum ulene  (26), and the component of Rf = 0.66 i s  humulene 
n i t r o s i t e  (17). Figure 2.17 shows a comparison of the n .m .r .  
s p e c tra  of the th ree  sp ec ie s ,  and the p e r t in e n t  da ta  from the n .m .r .  
and in f r a - r e d  s p e c t ra  of dinitro-hum ulene (24) and humulene n i t r o s i t e  
(17) have been p rev ious ly  summarised in  ta b le s  2.10 and 2.11.
The following ta b le s  3 .3 ,  3 .4 , and 3 .5 , summarise 
r e s p e c t iv e ly  the  p e r t in e n t  da ta  from the elem ental a n a ly s is ,  *H n .m .r .  
spectrum, and in f r a - r e d  spectrum of n i tro -n it ra to -h u m u len e  (26).
Table 3.3
The e lem enta l an a ly s is  of n i t r o - n i t r a t o -  humulene (26)
Experim ental con ten t C 57. 84%, H 7.87%, N 8.99%, 0 25.3%. 
T h e o re t ic a l  con ten t C 57.68%, H 7.68%. N 8.97%. 0 25.65%.
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Table 3.4
P e r t in e n t  d a ta  from the n .m .r .  spectrum of 
n i t ro -n i t ra to -h u m u len e  (26)
N itro -n itra to -hum ulene  (26)
a) 1t H  
l~3  
13CH — ,C —  
“ 3 1|
S T = 8.92  
S t = 8.83
I  * 3H. 
I  «. 3H.
b)
15
CH
!“ 3
“ 8C “ 0N0,
S  t  = 8.35
-  broadened absorp tion
I  = 3H,
c) \  ,c.=c
R/ \ 14CH
S x = 8.18 3H.
_ l
d) H — 7C— NO.
’CH
Doublet T = 5.06 I  = 1H.
'2 .The underlined  proton i s  the X p a r t  of an ABX system, and i t s
spectrum should c o n s is t  of s ix  lines.. The observed spectrum, i s  a 
do u b le t ,  and only one proton appears to  be coupling. For humulene 
n i t r o s i t e ,  the proton on a lso  gives a double t.
I l l
e) E th y len ic  protons
Range T = 4 , 5 3  -  4 . 9 1 .
N Cv ,H
Total I  = 3H.
\ i i  10/  X
/ = C \ 9 / H
H H— C A 
Y B |
should be the X p a r t  of an ABXY system w ith  a 
tra n s  coupling  to  R^ of ^  l 6 Hz> and then f u r th e r  in t e r a c t io n  w ith  
Ha and to  give e ig h t  peaks. In  th i s  case however, the chemical 
s h i f t s  of and a re  almost id e n t ic a l  and hence the  o u te r  l in e s  
of t h e i r  q u a r te t  have g re a t ly  decreased in  in t e n s i t y .
“y
H.
K„ f u r th e r  i n t e r a c t s  w ith H. and H„ as fo llow s .A B
For H T = 4.83A
For H T = 4.79
JAX ~ 9 Hz‘
= 16 Hz.
JBX = 2 HZ‘
I I
2) H~ C\ 3 _
H/C  "
c 7
X CH.
The underlined  pro ton  i s  the X p a r t  of an ABX system. M u lt ip le t  
T = 4 .8 3 , 1 =  1H, J  = 9.5Hz. and J  = 5Hz. w ith  small a d d i t io n a l  
couplings of J<lHz.
1H. -  17 Hz.,
Four peaks a re  observed fo r  H T. = 7.89, I  = 1H, J ._  - 17Hz. ,B AB
J_y ~ 9,5  Hz. Coupling to IL, is  le s s  than 1Hz.
g) A l ly l ic  pro tons
The T reg ion  6.50 to  8.28 con ta ins  9 a l l y l i c  p ro tons , namely 
the  th ree  a l l y l i c  C ^ ' s  and the a l l y l i c  methyl.
The T reg ion  8.28 to  8.62 con ta ins  f iv e  protons namely the 
m ethyl.on the  carbon a ttached  to  the n i t r a t e  and the remaining
Four peaks a re  observed fo r  H. T = 6 .62 , I  =A
J AX =  ^ Hz. Coupling to  Ry i s  le ss  than 1Hz.
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T a b le  3 . 5
P a t t i n e n t  d a ta  from the in f r a - r e d  spectrum of n i t r o —n i t r a t o - 
-humulene (26)
N itro -n itra to -hum ulene  (26)
a) H\  /c=c
R7  \
and R \  A
,C— C 
R ^ R
VC -  H s t r . 3,015 cm” 1, 3,010 cm” 1
vc = c s t r . 1,660 cm 1 , 1,665 cm 1
H\ / Rc—'
r/
•C
A
V o . o . p .  def . 997 cm
R\
c ___
A
:C V o . o . p .  def . 830 cm 1
R7 X R
b)
H - C — NO.
Vnc> 2  asym. s t r ,  
VNO2  sym. s t r .  
VC-N bend.
1,555 cm-1
1,362 cm-1
870 cm-1
c) CH
C— C— 0 N 0
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N i t r a t e  grouping 
•V asym. N02 s t r .  1,632 cm
V sym. N02 s t r .  1,287 cm
V N-0 s t r .
\) o .o ,p .  d e f .
V N 0 2  d e f .
A t t a c h e d  m e t h y l
-1 V ch3 asym, s t r . 2,965 cm"1
- i V ch3 sym. s t r . 2,865 cm 1
852 -1cm V CH3 sym. d e f . 1,387 era” 1
730 -1cm
695
!—1 1§
f td ) CH — C—
3 1
V asym. s t r .  2,960 -1cm V s k e le ta l 1,374 -1cm
V sym. s t r .  2,860 -1cm V s k e le ta l 1,160 -1cm
V asym. d e f .  1,440 -1cm V s k e le ta l 800 -1cm
V sym. d e f .  1,387 -1cm
c) Nature of the  yellow o i l  obtained when humulene re a c ts  w ith 
the  oxides of n itrogen
Figure  3.3 i s  the e . p . r .  spectrum of a d i lu te  so lu t io n  
in  chloroform of the yellow o i l  formed when humulene re a c ts  w ith
This o i l  was chromatographed using s i l i c a  p la te s  w ith  e th e r :  
p e t . e t h e r  (50:50) as so lv en t ,  and four diamagnetic compounds were 
a b s t r a c te d .  Their Rf. values were 0 .1 ,  0 .3 ,  0 .4 ,  and 0 .8 ,
I. •
r e s p e c t iv e ly .  The1!! n .m .r .  and in f r a - re d  sp e c tra  were recorded 
fo r  each sp ec ie s .
d) The re a c t io n  of pure humulene n i t r o s i t e  w ith the oxides of 
n i t ro g e n  .
This r e a c t io n  i s  completely analogous to  the re a c t io n  
d esc rib ed  in  appendix 3, s e c t io n 3 ’ .2* (a) except th a t  in s tead  of
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a sample of humulene d isso lved  in  petroleum e th e r  being used as the 
• re a c ta n t ,  a sample of pure humulene n i t r o s i t e  d isso lved  in  "e thano l 
f r e e  chloroform  was used. The product of the r e a c t io n  is  a yellow 
o i l ,  and the e . p . r .  spectrum of th i s  yellow o i l ,  in  a d i l u t e  
chldroform  s o lu t io n ,  i s  exac tly  the same as the spectrum shown in  
f ig u re  3 .3 .
3 1.3 '  The p re p a ra t io n  of a pure sample of caryophyllene n i t r o s i t e  (2).
The procedures used to p repare  caryophyllene n i t r o s i t e  from 
caryophyllene  a re  completely analogous to  those used to prepare  
humulene n i t r o s i t e  from humulene, which are  described  in  appendix 3, 
s e c t io n  3*.2*.
The y ie ld  of caryophyllene n i t r o s i t e  obtained by allowing 
one e q u iv a len t  of caryophyllene, to r e a c t  with one eq u iv a len t  of 
N^O^, has been reported  in  the l i t e r a t u r e  as ^  14% This y ie ld  was 
in c reased  to 35% by f i r s t  performing the re a c t io n  a t  10°C, in s tead  
of the  0°C used by C h a p m a n , ^  and second by recy c lin g  unreacted 
caryophyllene  w h i ls t  allowing excess N 2 ° 3  ^nt0 t *ie sy stem* Each 
cycle  produced a crude product which was becoming greener in  co lour 
and e v e n tu a l ly ,  a yellow o i l  was the so le  product. C r y s ta l l i s a t io n  
of the  green m a te r ia l  from e thano l,  gave b lue  needle shaped c r y s ta l s  
of M.pt. = 113 ± 1°C and a yellow so lu t io n  remained.
A q u a l i t a t iv e  s i l i c a  t . l . c .  of the c r y s t a l l i n e  products
of the re a c t io n  of caryophyllene with ^ 0 ^  with e th e r :  p e t . e th e r
(50:50) as so lv en t ,  showed the presence of two components a t  Rf = 0.59
and R = 0 .6 4 .  A q u a n t i ta t iv e  sep a ra t io n  of these  components was 
f .
achieved using s i l i c a  column chromatography with columns 1 .5 m  long, 
and e th e r :  p e t . e t h e r  (50:50) as so lv en t .
The component of R^  = 0» 64
The component of R^  = 0 .6 4 ,  when c r y s t a l l i s e d  from hot
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e thano l gave blue needle c r y s ta l s  of M.pt. -  116 ± 1°C. An 
a n a ly s is  of the H n .m .r .  and in f r a - r e d  sp e c tra  confirmed th a t  these  
c r y s ta l s  a re  caryophyllene n i t r o s i t e  ( 2 ) .
The component of = 0.59
-  r «-- -  - _ | ^  # r i "B 1_,_ “
The component of = 0 .5 9  when c r y s t a l l i s e d  from e th an o l ,  
produces c le a r  needle shaped c r y s ta l s  of M.pt. = 127 ± 0.5°C. This 
m a te r ia l  has been ch a rac te r ised  as the d in i t r o - d e r iv a t iv e  of 
caryophyllene  (27). Table 3.6 shows the r e s u l t s  of an elem ental 
a n a ly s is  of d in i t ro -c a ry o p h y l len e  (27). The p e r t in e n t  d a ta  
ob ta ined  from a comparison of the  Hi n .m .r .  s p e c t ra ,  and the i n f r a ­
red  s p e c t ra  of d in i t ro -c a ry o p h y l len e  (27), and caryophyllene n i t r o ­
s i t e  (2 ) ,  a re  summarised in  ta b le s  3 .7 ,  and 3 .8 ,  r e s p e c t iv e ly .
Table 3.6
The elem ental a n a ly s is  of d in i t ro -c a ry o p h y l len e  (27)
Experim ental con ten t C 60.62%, H 7.89%, N 9.6%, 0 21.9%* 
T h e o re t ic a l  con ten t C 60.9%, H 8.1%, N 9.5%, 0 21.5%.
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T a b le  3 . 7
P e r t i n e n t  d a ta  from the n .m .r .  sp e c t ra  of caryophyllene 
n i t r o s i t e  (2) and d in i t ro -c a ry o p h y l len e  (27)
12
13.
15
12 TO
14
Caryophyllene n i t r o s i t e  (2) D in itro -ca ry o p h y llen e  (27)
12
CHa) 1 -3
13 11
c h 3-  c -
a)
13
12 
CH
, n
CH—  C
S T = 8.96 I  = 6H. S t = 8.99 I  = 3H, 
T = 8.96 I  * 3H,
CH
n
b ) J C - ^ N Q
S t = 8.76 I  = 3H.
CH 
I “3
b)  JC— — NO^'9 S|  2
?C
S t = 8.05 I  = 3H
- 8c -
c) e 7 '
CH.—  C ~ H
^ I 
n o 2
c) e 7 *
C H - C — H
 ^ I
NO.
M u lt ip le t  T = 3.97 I  * 1H, M u lt ip le t  T = 4.07 I  = 1H*
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This p ro ton  i s  the X p a r t  of an This p ro ton  i s  the X p a r t  of an
•ABX system. The two outermost ABX system. The two outermost
t r a n s i t i o n s  a re  very weak and the t r a n s i t io n s  a re  very weak and the
spectrum has the  fo llow ing appear­ spectrum has the  fo llowing appear
ance. ance .
1 1 
J AX = 5 ,5  R z ' f J BX = 4 ,5  HZ*
1 1
= 5 .6  H z., J gx = 4 . 5  Hz.
d) E th y len ic  p ro tons d) E thy len ic  protons
c \  A
3C —  O
8C7  x h
4C\  A
3 C —  Cm
2 C
Doublet T = 4.77 I  = 2H. Doublet T = 4.77 I  = 2H.
small coupling J<lHz. small coupling J<lHz.
e) A l ly l ic  pro tons
The CI^ reg ion  of the spectrum 
is  d i f f i c u l t  to  analyse . There are  
two main groupings of resonances.
1) T = 8.38 -  8.96 I  = 4H.
This reg ion  probably con tains  the 
a l l y l i c  CH^  and the pro tons a ttached  
to  the t e r t i a r y  carbons.
2) x = 8.96 -  9.71 I = 8H,
e) A l ly l ic  pro tons 
The CH2  reg ion  of the spectrum 
i s  d i f f i c u l t  to  analyse . There 
a re  two main groups of resonances.
1 )  t  = 8.49 -  8.99 I  = 6H.
This reg ion  probably con ta ins  the 
a l l y l i c  CH2  the two protons a ttached  
to  the t e r t i a r y  carbons and two 
of the four protons on CI^ gtoups
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con ta in s  the  remaining four CH^  
•groups.
a to  the carbon a ttached  to a n i t r o  
group.
2) t  = 9.10 -  9 .84 I=6H 
conta ins  the remaining two 
groups, and two of the p ro tons 
pn the  CH2  groups a  to  the  carbons 
a t tach ed  to  n i t r o  groups.
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T a b le  3 . 8
P e r t in e n t  da ta  from the infra.~red sp ec tra  of caryophyllene 
n i t r o s i t e  (2) and d in itro -c a ry o p h y l len e  (27)
Caryophyllene n i t r o s i t e  (2) D in itro -ca ryophy llene  (27)
a) L\  c=
o '
VC-H s t r .  
VC=C s t r .  
vo.o.p. def,
Z 1
3,085 cm-1
1,640 cm-1
900 cm-1
a) ■ \ /H
- /
c = c
\ H
VR-H s t r . 3,087 cm-1
VC=C s t r .  (KBr) 1,635 cm-1
(KBr) 1,645 cm-1
(CCl^solu) 1,640 cm-1
v o .o .p .  d e f . 910 cm-1
b)
H
Ic - c —NO.
VNO^  asym, 
VNO^  sym. 
VC-N bend
1,550 cm-1
1,360 cm-1
870 cm-1
b)
H 
I
c — c-
Ic
VN0o asym. 
VNO2  sym. 
vC-N bend
NO
- 11,560 cm 
1,365 cm x
850 cm-1
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■c)
I 3 
C - C — NO
I
C
c)
CH 
I 3
C —  NO
VN=0 str.
vCH_ s t r .  sym.
j
VCH3 d e f .
1,570 cm-1
VCH  ^ s t r .  asym. 2,960 cm
2,875 cm 
1,385 cm
-1
-1
-1
asym • 1,550 -1cm
sym. 1,340 - 1.cm
bend 850 -1cm
s t r . asym. 2,960 -1cm
s t r . sym. 2,860 -1cm
d e f . 1,395 -1cm
CH.
d) C H - C  
3 l
V asym s t r .  
v sym. s t r .
V sym. d e f .  
v s k e l e t a l
V s k e l e t a l  'V-* 
v s k e le t a l
2,960 cm-1
2,870 cm- l
1,385 cm-1
1,365 cm-1
1,170 cm-1
805 cm-1
CH
d) C H - C
v asym. s t r ,
V sym. s t r .
V sym. d e f .  
v s k e le ta l  
v s k e le ta l
V s k e le ta l
2,960 cm 
2,860 cm 
1,390 cm 
1,375 cm 
1,165 cm 
805 cm
b) The yellow o i l  obtained when caryophyllene re a c ts  w ith the 
oxides of n i tro g en
Figure 3.6 shows the  e . p . r .  spectrum recorded a t  295°K, 
of a d i l u t e  degassed s o lu t io n ,  in  chloroform, of the yellow o i l  
ob ta ined  by re a c t in g  caryophyllene w ith  N^O^. A s e r ie s  of q u a l i t a t i v e
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s i l i c a  t . l . c .  experiments using va rious  so lv en ts ,  showed the 
presence  of a t  l e a s t  four components, w ith in  the  o i l .
c) The r e a c t io n  of pure caryophyllene n i t r o s i t e  (2) w ith  the 
oxides of n i tro g en
The experimental procedure used was completely analogous 
to th a t  described  in  appendix 3, s ec t io n  3*.2* (d) . The product 
of the  re a c t io n  i s  a yellow o i l ,  and the e . p . r .  spectrum of t h i s  
yellow o i l  in  a d i lu te  chloroform s o lu t io n ,  i s  e x ac tly  the  same 
as the  spectrum shown in  f ig u re  3 .6 .
'■ -0-- /'
CHAPTER 4
AN EXAMINATION OF THE MECHANISMS GOVERNING THE PRODUCTION 
OF THE PARAMAGNETIC SPECIES OBSERVED WHEN HUMULENE 
NITROSITE IS IRRADIATED WITH RED LIGHT
I t  was demonstrated in  chap te r  2 th a t  humulene n i t r o s i t e ,
l i k e  caryophyllene n i t r o s i t e ,  was a v e r s a t i l e  source of n i t ro x id e
r a d ic a l s  when i r r a d ia te d  w ith  red l i g h t .  When the i r r a d i a t i o n  of
c r y s t a l l i n e  samples of humulene n i t r o s i t e  and i t s  so lu t io n s  in
so lv en ts  which do not in t e r a c t  w ith a red ex c ited  n i t ro so  group,
were monitored in  an e . p . r .  spectrom eter, four d i f f e r e n t  n i t ro x id e
r a d ic a l s  were observed. Measurements were made of the  k in e t ic s
governing the  p roduction  of these  r a d ic a l s  and in  the s o l id  s t a t e
th re e  of the  r a d ic a l s  were s t a b l e ,  namely r a d ic a l s  I A, and I^ ,  both
of which con ta in  the  s t r u c tu r a l  u n i t  R^^R^C-NO-CR^R^R^ and r a d ic a l
*•
I I ,  which con ta ins  the s t r u c tu r a l  u n i t  R^R^C-NO-CHR^R,.. The
remaining r a d i c a l ,  r a d ic a l  III>  contained the s t r u c tu r a l  u n i t
R R R C-NO-CHR.Rr , and was a t r a n s ie n t  sp ec ie s ,  which decomposed as 
1 2 3 4 5
the  i r r a d i a t i o n  proceeded. Two mechanisms were p o s tu la ted  to
ex p la in  the formation of these  r a d ic a l s .  The f i r s t  of these
schemes, scheme I ,  i s  shown in  f ig u re  2 .7 . I t  involves the  a t ta c k
of the  e le c t ro n  in  the cr framework of a red excited  n i t ro so  group,
a t  a neighbouring molecule of humulene n i t r o s i t e ,  displacement of
NO producing a s ta b le  n i t ro x id e  r a d ic a l ,  con ta in ing  the s t r u c tu r a l
u n i t  R R R C-NO-CR.RcRt , and displacement of N0_, producing a t r a n s ie n t  
1 2 3 4 5 u
r a d i c a l ,  c o n ta in in g  th e  s t r u c t u r a l  u n i t  R ^ R p -N O -C H R ^ , which 
a ls o  r e t a in s  a n i t r o s o  chrom ophore. F u r th e r  i r r a d i a t i o n  w ith  re d
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l i g h t  would cause th is  t r a n s ie n t  in te rm ed ia te  to lose  NO, with 
a subsequent rearrangement, to  a s ta b le  n i t ro x id e  ra d ic a l  con ta in ­
ing the  s t r u c tu r a l  u n i t  R ^ ^ C - N O - C H R ^ .  Scheme I ,  was found to 
be c o n s is te n t  w ith  a l l  the n i t r o x id e  r a d ic a l s  observed, and w ith the  
k in e t i c s  of t h e i r  form ation, and i s  analogous to the scheme p o s tu la ted  
by McConnell, P o r te ,  e t . a l . ,  ^  to  exp la in  the  p roduction  of the 
n i t r o x id e  r a d ic a l s  observed when caryophyllene n i t r o s i t e  i s  i r r a d ia te d  
w ith  red  l i g h t .
Scheme I I  i s  shown in  f ig u re  2 .9 . and involves an
in tram o lecu la r  c y c l i s a t io n ,  the red ex c ited  n i t ro so  group under—
going a t ran san n u la r  a d d it io n  to e i th e r  of the carbon to carbon
-it bonds in  the  humulene n i t r o s i t e  s t r u c tu r e .  Scheme I I  could not
adequate ly  e x p la in  the formation of the n i t ro x id e  r a d ic a l s  observed
bu t the  p o s s i b i l i t y  th a t  i t  operated in  conjunction  w ith  scheme I
could no t be d iscounted .
A m ixture of n i t ro x id e  r a d ic a l s  I .  and I „ ,  was i s o la te dA B
in  a n ear ly  pure s t a t e ,  using chromatographic techn iques , and 
t h e i r  i n f r a - r e d  spectrum was shown to  be c o n s is te n t  with the 
d ia s te reo m eric  forms of s t ru c tu re  (19}, p o s tu la ted  by scheme I .  
Diamagnetic spec ies  were a lso  i s o la te d  and accounted fo r  90% of 
the  product. The na tu re  of these  diamagnetic sp e c ie s ,  and the 
mechanism by which they formed, were not however understood.
4.1 Monitoring by means of in f r a - r e d  specrroscopy the i r r a d i a t i o n  
of humulene n i t r o s i t e  w ith  red l i g h t
On re p le n ish in g  the supply of humulene n i t r o s i t e ,  the 
i r r a d i a t i o n  w ith  red l i g h t ,  of a p o ly c ry s ta l l in e  sample of the 
n i t r o s i t e  was monitored in  an in f r a - r e d  spec trom eter ,  in  an attem pt
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to id e n t i f y  i f  products of the type p o s tu la ted  by scheme I I  were
i r r a d i a t i o n  proceeds a re  summarised in  ta b le  4 .1 .  appendix 4.
These changes have to  be considered in  the knowledge th a t  
90% of the  p roducts  a re  diamagnetic. D e ta i ls  of the  i s o la t io n  of 
th ese  diamagnetic species  were given in  appendix 2, s ec t io n  2 ,f. 2 f . 2 t (d) 
and t h e i r  n .m . r . ,  and in f r a - r e d  sp e c tra  were d iscussed . The 
two main diamagnetic components ex tra c te d  were dinitro-hum ulene (24) 
and an o i l ,  which contained a mixture of isomeric compounds 
co n ta in in g  a s in g le  n i t r o  group a ttached  e i th e r  to  a humulene 
s t r u c tu r e ,  or to  a rearrangement of i t .  These isom eric  compounds 
were shown by n .m .r .  arid in f r a - r e d  spectroscopy, to  con ta in  
the  fo llow ing  groupings.
were param agnetic , t h i s  was not a good technique fo r  monitoring 
t h e i r  p roduc tion . The following observations were however made.
‘p re s e n t .  The experimental d e t a i l s  are  contained in  appendix 4, 
s e c t io n  4 * .I 1. The main changes observed in  the sp ec tra  as the
R\  / H R\  / H R\  / Hc = c  i  =  c c = c
R '' X R , W  X R , R/ H ,
H — C — NO
2
The major changes observed in  the in f r a - r e d  sp e c tra ,  as the  
i r r a d i a t i o n  proceeds, were c o n s is te n t  w ith the formation of the 
diam agnetic  spec ies  d iscussed above, and as only 10% of the  products
As the i r r a d i a t i o n  proceeded, the  absorp tion  a t  1,570 cm 11)
due to  the n i t ro so  group slowly disappeared and a new 
abso rp tion  arose a t  1,380 cm th i s  l a t t e r  abso rp tion  ,
i s  a t t r i b u t e d  to a n i t ro x id e  group.
2) No absorp tions  a t t r i b u t a b l e  to  the
grouping were observed.
3) The i n t e n s i t i e s  of the o r ig in a l  C=C bonds decreased
in  a manner c o n s is te n t  w ith  the iso m erisa t io n  of the ‘
C=C p o s i t io n s  in the diamagnetic spec ies  formed. O verall 
however the re  was l i t t l e ,  i f  any red u c tio n  in  the number 
of C=C u n i t s  p re sen t .
P h o to ly s is  scheme I I ,  shown in  f ig u re  2.9 involved the 
p roduc tion  of c i s  double bonds, and a s u b s ta n t ia l  removal of the 
o th e r  double bonds p re sen t .
4 .2  The i r r a d ia t io n ,  with red l i g h t ,  of a so l id  so lu t io n  of
caryophyllene n i t r o s i t e  (2) in  d in i tro -c a ry o p h y l len e  (27)
Humulene n i t r o s i t e  (17), was found to r e a d i ly  form so l id  
so lu t io n s  w ith  dinitro-hum ulene (24). This provided a method 
whereby molecules of humulene n i t r o s i t e  could be i s o la te d  w ith in  a 
c r y s t a l l i n e  l a t t i c e  of host molecules. I f  the red excited  n i t ro s o  
group of such an i s o la te d  molecule did not re a c t  w ith a hos t  molecule 
of d in itro -hum ulene, then n i t ro x id e  r a d ic a l s  could only form by the 
p rocess of t ran san n u la r  c y c l i s a t io n ,  p o s tu la ted  in  p h o to ly s is  
scheme I I .
In  o rder to determine i f  the red excited  n i t r o s o  group was 
l ik e ly  to i n t e r a c t  w ith the hos t molecules, a c lo se ly  analogous 
c o n tro l  experiment was ca r r ied  ou t, which involved the i r r a d i a t i o n  
of d i l u t e  s o l id  so lu t io n s  of caryophyllene n i t r o s i t e  (2) in  d i n i t r o -  
caryophyllene (27). As was discussed in  chapter 3, s ec t io n  3 .2 . 
caryophyllene n i t r o s i t e ,  does not undergo transannu la r  c y c l i s a t io n s  
of the  type p o s tu la ted  fo r  humulene n i t r o s i t e  under scheme I I ,  and 
the  d e te c t io n  of n i t ro x id e  r a d ic a ls  during the i r r a d i a t i o n  would imply
t h a t  the red excited  n i t r o s o  group could i n t e r a c t  w ith the 
l a t t i c e  molecules of d in i t ro -c a ry o p h y l len e .
4 .2 .1  Monitoring by means of e . p . r .  spectroscopy the i r r a d i a t i o n
w ith red l i g h t  of a s o l id  so lu t io n  of caryophyllene
n i t r o s i t e  (2) in  d in i t ro -c a ry o p h y l len e  (27)
The i r r a d i a t i o n  with red l i g h t ,  of a p d ly c ry s ta l l in e
sample of a so l id  so lu tio n  of caryophyllene n i t r o s i t e ,  in  d i n i t r o -
caryophyllene (10:90), was monitored in  an e . p . r .  spectrom eter.
The c r y s ta l s  slowly turned pale yellow , and f ig u re  4.1 shows the
e . p . r .  spectrum of the i r r a d ia te d  m a te r ia l .  The l in e  shape of the
spectrum did no t change as the  i r r a d i a t i o n  proceeds and the in c rease
in  i n t e n s i ty  was almost l in e a r  with time. The form of th i s
spectrum did no t change when the products  wem pumped fo r  one hour
•  •
a t  <0.1 mm Hg p re ssu re ,  in d ic a t in g  th a t  trapped NO or N02 , was not 
re sp o n s ib le  fo r  any of the s t ru c tu re  in  the spectrum.
An an a ly s is  of the spectrum shown, in  f ig u re  4 .1 . shows 
th a t  i t  a r i s e s  because of the  presence of a n i t r o x id e  r a d ic a l  cont­
a in in g  the s t r u c tu r a l  u n i t  R R2R C-NO-CHR^. The sp in  Hamiltonian 
param eters fo r  th i s  r a d ic a l ,  r a d ic a l  n F  a re  shown in  ta b le  4 .2 .
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L 1 1 I J_______ I________ I________L______ I________I
3260 3280 3300 3320 3340 Gauss.
F igure  4 .1  The e . p . r .  spectrum of a d i l u t e  p o ly c ry s ta l l in e  sample of 
n i t ro x id e  r a d ic a l  IV* obta ined  by i r r a d i a t i n g  a s o l id  . 
so lu t io n  of caryophyllene n i t r o s i t e  (2) in  d in i t r o -  
caryophyllene (27) (10:90) w ith  red l i g h t .  The d o tted  
l in e  rep re se n ts  the  c a lc u la te d  spectrum of r a d ic a l  i v !
T a b le  4 . 2
The sp in  Hamiltonian parameters fo r  n i t r o x id e  r a d ic a l  IV*
811 g22 g 33 <g>
2.0092 2.0079 2.0031 2.0067
An (14N) A22(14N) A33(14N) a(14N)
9.5G 9.5G 28 .0G 1 5 .7G
An ( 1H) A22( 1H) A33(XH) a ( XH) p
6.0G 6.0G 1 2 .5G 8.2G 2.5G
The l im i t s  of e r ro r  fo r  g ^ ,  g2 ? , g33> <g>, A11( 14N), A22( 14N),
A33(14n)> a (U N )» a11(1H), A22(1H), A33( 1H), and a ^ H ) ,  a re  
r e s p e c t iv e ly ,  ± 0.0003, ± 0.0003, ± 0.0002, ± 0.0003, ± 0.5G,
± 0.5G, ± 0.2G, ± 0.5G, ± 0.5G, ± 0.5G, ± 0.2G, and ± 0.5G.
I f  a t  any s tag e  the products a re  d isso lved  in  chloroform, then 
the  r a d ic a l  IV1 immediately d isp ro p o r t io n a te s  to  diamagnetic s p ec ie s ,  
and the e . p . r .  spectrum decreased g re a t ly  in  in t e n s i ty .  This i s  the  
behaviour expected of a n i t ro x id e  r a d ic a l  con ta in ing  the molecular 
fragment R^^^C-NO-CIiR^R^. The weak e . p . r .  s ig n a l  which remains 
a f t e r  r a d ic a l  IV* has d isp ro p o r t io n a te d ,  i s  a t t r ib u te d  to  a n i t ro x id e  
r a d ic a l  con tain ing  the molecular fragment R^R^^-NO-CR^R^R^.
The mechanism involved in  producing n i t ro x id e  r a d ic a l  IV* 
i s  probably th a t  shown in  f ig u re  4 .2 ,  whereby a red ex c ited  n i t ro s o  
group d isp lace s  a n i t r o  group from a neighbouring molecule of 
d in i t ro -c a ry o p h y l len e .  There a re  two p o ss ib le  n i t r o  groups which
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could be d isp la ce d ,  and the predominance of the n i t ro x id e  r a d ic a l
IV__ of s t ru c tu re  (28), which forms by d isp la c in g  the n i t r o  group
on. of d in i t ro -ca ry o p h y l len e  i s  probably a func tion  of geometric
and s t e r i c  co n s id e ra t io n s  withlnthe c ry s ta l  s t r u c tu r e .  Small
amounts of a r a d ic a l  contain ing  the s t r u c tu r a l  u n i t  R„RoR„C-N0-CR R r
1 2  3 «»■ 5 6
were d e tec te d ,  t h e i r  o r ig in  i s  however, u n c e r ta in ,  s ince  they could 
e i t h e r  a r i s e  as shown in  f ig u re  A.2, or r e s u l t  from a small amount 
of r e s id u a l  in te rm o lecu lar  r e a c t io n ,  between molecules of caryophyl­
lene n i t r o s i t e ,  which by chance adopted ad jacen t p o s i t io n s  w ith in  the 
l a t t i c e .
The only a l t e r n a t iv e  mechanism to th a t  described  above
would involve the transannu la r  c y c l i s a t io n  of the red ex c ited  n i t ro so
group of caryophyllene n i t r o s i t e ,  to  the exomethyllene group of the
m olecule. Caryophyllene n i t r o s i t e  has never p rev io u s ly  been observed
to  undergo such c y c l i s a t io n s ,  and moreover they could not exp la in  the
form ation  of a n i t ro x id e  r a d ic a l  con ta in ing  the m olecular u n i t
R.RoR_C-N0-CHR/ R_.1 2  3 4 5
4 .2 .2  Honitoring by means of i n f r a - r e d  spectroscopy the i r r a d i a t i o n  
w ith  red l i g h t  of a s o l id  so lu t io n  of caryophyllene n i t r o s i t e  
in  d in i tro -ca ry o p h y llen e
In  order to  confirm th a t  n i t ro x id e  r a d ic a l  IV' had 
s t r u c tu r e  (28), the i r r a d i a t i o n  of a so l id  so lu t io n  of caryophyllene 
n i t r o s i t e  in  d in i t ro -ca ry o p h y l len e  was monitored in  an in f r a - r e d  
spec trom eter .  The experimental d e t a i l s  are  contained in  appendix 4, 
s e c t io n  it* . 2 1 .■ The changes observed in  the in f r a - r e d  sp e c tra ,  are  
summarised in  ta b le  4 .3 ,  appendix 4, and are  c o n s is te n t  w ith  the 
n i t ro x id e  r a d ic a l  IV1 having s t r u c tu r e  (28). The main observations
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savouring  the mechanism shown in  f ig u re  4 .2 .  a re  l i s t e d  below.
1) l i r s t  i t  was observed th a t  the n i t r o s o  absorp tion  slowly 
d isap p e a rs ,  and i s  replaced by an absorp tion  a t  1,387 cm _1 
which has been assigned to  a n i t ro x id e  s t r e tc h in g  frequency.
2) Second th e re  i s  a decrease in  i n te n s i ty  of both the  symmetric, 
and asymmetric n i t r o  ab so rp tio n s .  I t  was d i f f i c u l t  to 
a cc u ra te ly  determine the p o s i t io n  from which the n i t r o  groups 
were being  l o s t ,  but i t  i s  probably from of d in i t ro -c a ry o p h — 
y l le n e .
3) Third a l l  the remaining in f r a - r e d  abso rp tions  remained unchanged.
4 .3 .  The i r r a d ia t io n ,  w ith  red l i g h t ,  of a s o l id  so lu t io n  of 
humulene n i t r o s i t e  (17) in  d in itro -hum ulene(24)
In  in v e s t ig a t in g  the i r r a d i a t i o n  of d i lu te  so lu t io n s  of 
humulene n i t r o s i t e ,  in  d in itro-hum ulene, w ith red l i g h t ,  a c a re fu l  
c o n s id e ra t io n  was given to the p o ss ib le  methods by which n i t ro x id e  
r a d ic a l s  might form. There were two d i s t i n c t  mechanisms which might 
o p e ra te .
1) The f i r s t  mechanism involves the p roduction  of r a d ic a l s  by 
re a c t io n s  analogous to  those involved when d i lu t e  so lu t io n s  
of caryophyllene n i t r o s i t e  in  d in i t ro -ca ry o p h y l len e  a re  
i r r a d ia te d  w ith  red l i g h t .
2) The second mechanism which might opera te  i s  shown in  p h o to ly s is  
scheme I I ,  which involves an in tra -m o lecu la r  c y c l i s a t io n  of
the humulene n i t r o s i t e  s t r u c tu r e .
4 .3 .1  Monitoring by means of e . p . r .  spectroscopy the i r r a d i a t i o n
w ith  red l ig h t  of a s o l id  so lu t io n  of humulene n i t r o s i t e  (17)
in  dinitro-hum ulene (24)
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When s o l id  so lu t io n s  of humulene n i t r o s i t e ,  in  d i n i t r o -  
humulene (10:90) were i r r a d ia te d  with red l i g h t ,  they behaved in  a 
manner completely analogous to the so lid  so lu t io n s  of caryophyllene 
n i t r o s i t e  in  d in i t r c -ca ry o p h v lle n e .  F igure 4.3 shows the poly­
c r y s t a l l i n e  e . p . r .  spectrum of the i r r a d ia te d  s o l id .  The l in e  shape 
of t h i s  spectrum did not change as the i r r a d i a t i o n  proceeded, and the 
in c re a se  in  in te n s i ty  was almost l in e a r  w ith  time. An a n a ly s is  of 
the  spectrum shown in  f ig u re  4 .3 , shows th a t  i t  a r i s e s  because of 
the  presence of a n i t ro x id e  r a d ic a l  which con ta ins  the  s t r u c tu r a l  
u n i t  R^^R^C-NO-CHR^R^.. The sp in  Hamiltonian parameters fo r  t h i s  
r a d i c a l ,  r a d ic a l  IV , a re  shown in  ta b le  4 .4 .
: ; • 
:
1
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T a b le  4 . 4
The sp in  Hamiltonian parameters fo r  n i t ro x id e  r a d ic a l  IV
gH  g22 S33
2.0093 2.0074 2.0035 2.0067
AU (U N) A22(14n) A33(14n) a ( U N)
1 0 .8G 10 .8G 2 2 .5G 1 4 .7G
A11 (1H) A22 ( 1H) a3 3 ( 1H) aC^i) p
5.5G 5.5G 11.OG 7.3G 2.5G
The l im i t s  of e r r o r  fo r  g .^ ,  g22, <8>» A22^14n^ ’
A33( 14N), a ( 14N), A11(1H), A22(1H), A33(1H), and a(h i )  a re
r e s p e c t iv e ly ,  ± 0.C003, ± 0.0003, ± 0.0002, ± 0.0003, ± 0.5G, ±0.5G 
± 0.2G, ± 0.5G, ± 0.5G, ± 0.5G, ± 0.2G, and ±0.5G.
I f  a t  any s tage  the products  a re  d isso lved  in  chloroform, 
then r a d ic a l  IV immediately d isp ro p o r t io n a te s  to diamagnetic 
sp e c ie s ,  and the e . p . r .  spectrum decreases  g re a t ly  in  in t e n s i ty .  The 
weak e . p . r .  s ig n a l  which remains, i s  a t t r i b u t e d  to  a n i t ro x id e  
r a d ic a l  con ta in ing  the molecular fragment R^^^C-NO-CR^R^R^.
N itrox ide  r a d ic a l  IV_ appears to  form by the mechanism shown 
in  f ig u r e  4 .4 .  This mechanism i s  completely analogous to th a t  
employed by caryophyllene n i t r o s i t e ,  when i t s  s o l id  so lu t io n s  in 
d in i t ro -ca ry o p h y l len e  are  i r r a d i a t e d .  There a re  two n i t r o  groups 
on d in itro-hum ulene, which the red ex c ited  n i t r o s o  group of humulene 
n i t r o s i t e  could d is p la c e ,  however the n i t ro x id e  r a d ic a l  IV of 
s t r u c tu r e  (29) predominates, in d ic a t in g  th a t  i t  i s  e i th e r  geometri­
c a l ly  or s t e r i c a l l y  e a s ie r  to  d isp lace  the n i t r o  group on C^.
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At no s tage  in  the i r r a d i a t i o n  were the n i t r o x id e  
r a d ic a l s  I  , 1^, I I ,  or I I I ,  which form when pure humulene n i t r o s i t e  
i s  i r r a d i a t e d  w ith  red l i g h t ,  d e te c te d .  I f  p h o to ly s is  scheme I I  
opera ted  in  both experim ents, then a t  l e a s t  some of these  l a t t e r  
r a d ic a l s  should have been observed.
4 .3 .2  Monitoring by means of in f r a - r e d  spectroscopy the i r r a d i a t i o n  
w ith  red l i g h t  of a so l id  so lu t io n  of humulene n i t r o s i t e  (17) 
in  dinitro-humulenfc (24)
In  o rder to  confirm th a t  n i t ro x id e  r a d ic a l  IV has s t ru c tu re  
(29), the  i r r a d i a t i o n  of a so l id  so lu t io n  of humulene n i t r o s i t e  in  
d in itro-hum ulene  (30:70) was monitored in  an in f r a - r e d  spec trom eter .  
The experim ental d e t a i l s  a re  contained in  appendix 4, s e c t io n  4 ' . 3 f . 
The changes observed in  the i n f r a - r e d  sp e c tra ,  a re  summarised in  
ta b le  4 .5 ,  appendix 4, and a re  c o n s is te n t  w ith  s t r u c tu r e  (29) fo r  
the n i t ro x id e  r a d ic a l  IV . The main observations  favouring  the  
mechanism shown in  f ig u re  4 .4 . a re  l i s t e d  below.
1) As the  i r r a d i a t i o n  proceeds the n i t r o s o  abso rp tion  slowly 
d isappears  and i s  rep laced  by an abso rp tion  a t  1,380 cm  ^
which has been assigned to a n i t ro x id e  s t r e tc h in g  mode.
2) The symmetric and asymmetric n i t r o  group absorp tions  a t
1,360 cm  ^ and 1,555 cm \  of the n i t r o  group a t tached  to
of d in itro-hum ulene, decrease s l i g h t l y  in  in t e n s i ty ,  ind­
ic a t in g  a lo ss  of N00 from th i s  p o s i t io n .
3) A ll the  remaining absorp tions  in  the in f r a - r e d  spectrum 
remained unchanged.
No changes were observed in  the in f r a - r e d  sp e c tra  
c o n s is te n t  w ith  the o p e ra tion  of p h o to ly s is  scheme I I .  In  p a r t i c u l a r
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no c is  carbon to  carbon double bonds con ta in ing  the s t r u c tu r a l  
\  /
/ c z = c H NH
i n t e n s i ty  of le s s  than 5% of the abso rp tions  a sso c ia ted  w ith  the
“u n i t   L could be d e tec te d ,  and the small decrease in
fo llow ing  s t r u c tu r e s
\  / R R\  / CH3/ C—c c = c  d
FT H H XR
i s  p robably  due to  th e i r  r e a c t io n  w ith  the NC  ^ l ib e r a te d .
4.4 The i r r a d i a t i o n  w ith red l i g h t ,  of d i lu te  so lu t io n s  of 
humulene n i t r o s i t e ,  or caryophyllene n i t r o s i t e ,  in  
chloroform , or to luene , a t  77°K
The experiments desc ribed  in  sec t io n s  4 .1 ,  4 .2 , and
4 .3 ,  have a l l  in d ica ted  th a t  when humulene n i t r o s i t e ,  or i t s  
s o l id  so lu t io n s  in  d in itro-hum ulene are  i r r a d ia te d  w ith  red l i g h t ,  
no n i t r o x id e  r a d ic a l s  a re  formed by the p rocesses  of in tr a -m o lecu la r  
c y c l i s a t io n ,  p o s tu la ted  in  p h o to ly s is  scheme I I .  These f in d in g s  
were f u r th e r  confirmed by i r r a d i a t i n g  d i lu te  so lu t io n s  of humulene 
n i t r o s i t e  in  e i th e r  chloroform or to luene  a t  77°K. The so lven ts  
chloroform and to luene do no t i n t e r a c t  w ith  a red ex c ited  n i t r o s o  
group, and hence provide an i n e r t  hos t  m atrix . The f u l l  d e t a i l s  
of these  experiments are  contained in  appendix 4. sec t io n s  4T.4 f 
and 4'.5*.
F igure  4.5  shows the e . p . r .  spectrum obtained when such 
a g la s s ,  con ta in ing  humulene n i t r o s i t e ,  i s  i r r a d ia te d  with red 
l i g h t .  The l in e  shape of the spectrum i s  not c o n s is te n t  w ith  the 
form ation of any of the n i t ro x id e  r a d ic a l s  1^, Ig ,  I I ,  and I I I ,  
which have been p rev ious ly  observed, when humulene n i t r o s i t e  i s  
i r r a d i a t e d  w ith  red l i g h t ,  bu t  appears to  a r i s e  from a sup erp o s it io n
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of the  sp e c tra  due to trapped NO, and the a l i p h a t i c  r a d ic a l  of 
s t r u c tu r e  (18). The predominant process during  the i r r a d i a t i o n  
i s  thus a C-N bond f i s s io n  of the n i t ro s o  group, and p h o to ly s is  
scheme I I  does no t o p e ra te .
When the temperature of the g la ss  i s  allowed to r i s e  
to  295 K, the e . p . r .  spectrum decreases g re a t ly  in  i n t e n s i ty ,  as 
the  a l i p h a t i c  r a d ic a l s  (18) combine to  give diamagnetic p roduc ts .  
The weak e . p . r .  s ig n a l  which remains, shows the presence of 
n i t r o x id e  r a d ic a l s  1^ and 1^ (19) formed by the i n te r a c t io n  of 
the  n i t r o s o  group of the unreacted humulene n i t r o s i t e  w ith  the 
a l i p h a t i c  r a d ic a l  (18) as shown in  f ig u re  4 .6 .
When so lu t io n s  of caryophyllene n i t r o s i t e  in  chloroform, 
or to luene  a t  77°K, are  i r r a d ia te d  w ith red l i g h t ,  the  e . p . r  
spectrum obta ined , i s  exac tly  the same as the spectrum shown in  
f ig u r e  4 .5 ,  and again  the predominant process i s  C-N bond f i s s io n  
of the  n i t r o s o  group, forming an a l i p h a t i c  r a d ic a l  (12). When 
the tem perature of the so lu t io n  i s  r a is e d  to 295°K, the e . p . r .  
spectrum decreases g re a t ly  in  in t e n s i ty ,  as the a l i p h a t i c  r a d ic a ls  
combine to  give diamagnetic p roduc ts .  The weak e . p . r .  spectrum 
which remains, i s  of the s in g le  n i t ro x id e  r a d ic a l ,  s t r u c tu r e  (10), 
formed by the in te r a c t io n  of unreacted caryophyllene n i t r o s i t e ,  
w ith  the a l ip h a t ic  r a d ic a ls  (12).
A ll the  experimental observations  reported  in  chapters  2, 
and 4, concerning the i r r a d i a t i o n  w ith red l i g h t ,  of c r y s t a l l i n e  
samples of humulene n i t r o s i t e ,  of s o l id  so lu t io n s  of humulene 
n i t r o s i t e  in  d in itro -hum ulene, and l a s t l y ,  of so lu t io n s  of humulene 
n i t r o s i t e  in  chloroform, to luene , and benzene, a t  77 K and 295 K, 
a re  c o n s is te n t  w ith  the mechanisms shown in  f ig u re s  2 .7 , 4 .4 ,
and 4 .6 ,  r e s p e c t iv e ly .  The n i t ro x id e  r a d ic a l s  observed, form e i th e r
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by p h o to ly s is  scheme I ,  or by a c lo se ly  analogous mechanism 
and the fo llow ing two processes a re  involved,
1) The f i r s t  p o ss ib le  mode of behaviour, involves the cleavage
of the C-N bend of the n i t r o s o  group. The a l ip h a t i c  r a d ic a l  (18) 
formed, r e a c t s  w ith  humulene n i t r o s i t e  producing the
d ia s te reo m eric  n i t ro x id e  r a d ic a l s  I  and I , of s t ru c tu re  (19).
A  B
2) An a l t e r n a t iv e  mode of r e a c t io n ,  involves the displacement of 
•  •
NO of NO2  from neighbouring molecules of humulene n i t r o s i t e  or 
dinitro-hum ulene by the red e x c ited  n i t r o s o  group of a 
molecule of humulene n i t r o s i t e .  This produces n i t ro x id e
ra d ic a l s  of s t ru c tu re  I .  and I„  (19), I I  (21), 111(20) and IV (29).
A  B  -------
No evidence was obtained to  support the  transannu la r  
a t ta c k  of a red  exc ited  n i t ro s o  group a t  theTT system  o f  humulene 
n i t r o s i t e ,  which was p o s tu la ted  in  scheme I I ,  f ig u re  2 .9 .
The paramagnetic spec ies  observed when caryophyllene 
n i t r o s i t e ,  i t s  so lu t io n s  in  a p ro t ic  so lv en ts ,  and i t s  so l id  so lu t io n s  
in  d in i t ro -ca ry o p h y l len e  a re  i r r a d i a t e d  w ith  red l i g h t ,  form by 
the mechanisms shown in  f ig u re s  2 .8 ,  and 4 .2 .  These are completely 
analogous to  the corresponding re a c t io n s  of humulene n i t r o s i t e .
The ex is ten ce  of a l l  the n i t ro x id e  r a d ic a l s  p o s tu la ted  in  f ig u re s  
2 . 8 , and 4 .2 , had been demonstrated c i th e r  by McConnell, P o r te ,  e t . a l . ^  
or in  th i s  p re sen t  in v e s t ig a t io n ,  w ith  the exception of n i t ro x id e  
r a d ic a l  I I I*  (13).
Figure 2.8 i l l u s t r a t e s  the mechanism by which n i t ro x id e  
r a d ic a l  I I I*  was p o s tu la ted  to  form. In  an attem pt to  d e te c t  th i s  
r a d i c a l ,  the i r r a d i a t i o n  of p o ly c ry s ta l l in e  samples of caryophyllene 
n i t r o s i t e  w ith red l i g h t  was monitored in  an e . p . r .  spectrom eter.
The t r a n s ie n t  n i t ro x id e  r a d ic a l  II I*  was no t however d e tec ted ,  and 
only the n i t ro x id e  ra d ic a ls  I* of s t ru c tu re  (10), and I I 1 of 
s t r u c tu r e  (11), which had been p rev ious ly  d e tec ted  by McConnell,
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P o r te ,  e t .  a l . ,  were observed. N itrox ide  r a d ic a l  I I I*  con ta ins  
•a n i t r o s o  chromophore and would decompose as the i r r a d i a t i o n  
proceeds , forming n i t ro x id e  r a d ic a l  I I * .  The r e l a t i v e  p ropo r tions  
of r a d ic a l s  I f , I I ’ and I I I '  p re sen t  a t  any time would depend on the 
fo llow ing  two f a c to r s .
1) F i r s t  the r e l a t i v e  r a te s  of form ation of r a d ic a l s  I ’ and I I I*  
a re  dependent amongst o ther f a c to r s ,  on the geometry w ith in  
the  c r y s t a l .
2) Second the r e l a t i v e  p ropo r tions  must depend on the  r a t e s  of 
form ation and decomposition of r a d ic a l  I I I 1.
In  th i s  p a r t i c u la r  case , the co n cen tra tio n  of r a d ic a l s  I 1 
and I I f , may always be in  excess of the co n cen tra t io n  of r a d ic a l  
I I I * ,  which as a r e s u l t  was not observed.
One small p o s t s c r ip t  had to be added to the p h o to ly s is  
re a c t io n s  described  above, as a r e s u l t  o f  the observation  th a t  n i t r o ­
x ide  r a d ic a l  I I ,  of s t r u c tu r e  (21), which i s  formed during the 
i r r a d i a t i o n  with red l i g h t  of humulene n i t r o s i t e ,  was i t s e l f  a 
source of fu r th e r  n i t ro x id e  r a d ic a l s .
4 .5 .  The i r r a d i a t i o n  w ith  white l i g h t ,  of so lu t io n s  of
n i t ro x id e  r a d ic a ls  I . ,  I_ (19) and I I  (21) in  chloroform.
■ — i f t r  D - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Figure 2.6 shows the e . p . r .  spectrum obtained from a
d i l u t e  degassed so lu t io n  of humulene n i t r o s i t e  d isso lved  in
chloroform  and i r r a d ia te d  w ith  red l ig h t .  When th i s  s o lu t io n ,
which con ta ins  ra d ic a ls  I  , I  (19) and I I  (21), was fu r th e rA d
i r r a d i a t e d  w ith  the white l ig h t  from a tungsten f i lam en t lamp, 
the  e . p . r .  spectrum was observed to  slowly change to  th a t  shown in  
f ig u r e  4 .7 .  N itro x id e  r a d ic a ls  1^, Ig and I I  slowly d isappear 
and a re  rep laced  by another n i t ro x id e  r a d i c a l ,  r a d i c a l l y  the e . p . r .
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I i 1 i J _  i I i I
3280 3290 3300 3310 3320 Gauss.
F igure  4 .7  The e . p . r .  spectrum of n i t ro x id e  r a d ic a l  V obtained by
i r r a d i a t i n g  a d i lu t e  degassed so lu t io n  of n i t ro x id e
ra d ic a l s  I . ,  I_ ,  and I I ,  in  chloroform, w ith  white l i g h t .
A  15
The spectrum was recorded a t  295°K.
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spectrum of which, c o n s is ts  of a 1 :1:1  t r i p l e t ,  s p l i t  f u r th e r
•into d o u b le ts ,  by the in te r a c t io n  w ith  a pro ton . The is o t ro p ic  
14coupling to  the N nucleus in  th i s  r a d ic a l  i s  reduced in  a manner 
c o n s is te n t  w ith  increased  conjugation  to  the n i t ro x id e  fragment.
The i s o t r o p ic  sp in  Hamiltonian parameters fo r  n i t ro x id e  r a d ic a l  3T,
are  as fo llows i s o t ro p ic  <g> = 2.0064 ± 0.0003; i s o t ro p ic
14 1 -Ia (  N) = 6.8 ± 0.2G; i s o t ro p ic  a( H) = 2.9 ± 0.2G: .
In  s o lu t io n ,  r a d ic a l  V. slowly decomposes to  diamagnetic spec ies  by
a process which i s  not photo-induced.
N itrox ide  r a d ic a ls  I .  and 1^ of s t r u c tu r e  (19), were
A D
thought to  be extremely u n lik e ly  p recu rso rs  of r a d ic a l  £ , as they 
had a " d i - t e r t i a r y b u ty l - n i t r o x i d e "  l ik e  s t r u c tu r e .  To confirm 
th is ,  s o lu t io n s  con ta in ing  so le ly  n i t ro x id e  r a d ic a ls  1^ and 1^, 
ob ta ined  chrom atographically  as described  in  chap ter  2, s e c t io n  2 .2 .2 ,  
were i r r a d i a t e d  w ith w hite  l i g h t ,  and no changes were observed in
t h e i r  e . p . r .  s p ec tra .  U nfortunately  the i r r a d i a t i o n  could not
be rep ea ted  using so lu t io n s  which contained so le ly  n i t ro x id e  
r a d i c a l  I I  (21), as th i s  r a d ic a l  was never i s o la te d  because of 
i t s  i n s t a b i l i t y ;  the presence of a p ro ton  on the  carbon acjjacent 
to  the n i t r o x id e  grouping allows i t  to d isp ro p o r t io n a te  to  the 
n i t ro n e  (31) and the hydroxylamine (30). N itrox ide  r a d ic a l  I I  
seems however, the most l ik e ly  p recu rso r  and the two photo­
i n i t i a t e d  re a c t io n  mechanisms shown in  f ig u re s  4 .8  and 4.9 are 
p o s tu la te d  to exp la in  a rearrangement of r a d ic a l  I I  to an 
ex ten s iv e ly  conjugated r a d ic a l  whose s t ru c tu re  i s  c o n s is te n t  
w ith  the  experim ental observations  made on ra d ic a l  1L.
Scheme A shown in  f ig u re  4 .8  i s  based on the p o s tu la te  
th a t  the n i t ro n e  (31) obtained from the d isp ro p o r t io n a t io n  of 
r a d ic a l  I I ,  could on i r r a d i a t i o n  w ith  w hite  l i g h t ,  produce an
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ex c i ted  in te rm ed ia te  (32), which by the lo ss  of a proton could 
form a n i t r o x i d e ' r a d i c a l  Y  of s t r u c tu r e  (33). A study of the 
a v a i la b le  l i t e r a t u r e  on the photochem istry of n i t r o n e s ,  rev ea ls  
t h a t  the  primary s tep  in  any i r r a d i a t i o n  i s  the form ation of 
o x az iran es ,  as shown be low .103’106, 119, 120#
Rx t  / R R\ / \  \ A  / R
/ C = N - C - R  -1 3 7 ->  C - N - C - R  )  l ~ H  C—
R R R 'R R R
N itrone  ex c ited  s t a t e  Oxazirane.
There a re  r e p o r ts  of n i t ro x id e  ra d ic a l s  having been generated
107when n i t ro n e s  a re  i r r a d ia te d  bu t  only from n i t ro n e s  con ta in ing  
the  s t r u c tu r a l  u n i t  q
f K  tC— N \
R
and the  n i t ro n e  (31) does not have an a  p ro ton . Moreover the 
gen era t io n  of oxaziranes from n i t ro n e s  req u ire s  u l t r a - v i o l e t  
r a d ia t io n  of approximately 360 n.m. N itrox ide  r a d ic a l  Y  was 
generated  using v i s ib l e  l i g h t  of wavelength g re a te r  than 400 n.m.
Scheme B i s  shown in  f ig u re  4.9 and i s  based on the 
p o s tu la te  th a t  i f  the i r r a d i a t i o n  s t im u la te s  an n •> TT 
t r a n s i t i o n  in  the n i t ro x id e  grouping, then th i s  might f a c i l i t a t e  
the a b s t r a c t io n  of a proton from ra d ic a l  I I  forming in te rm ed ia te  (32)
which by a fu r th e r  lo ss  of a proton forms n i t ro x id e  V (33). The
 * , , , ,r» -► TT t r a n s i t i o n  of a n i t ro x id e  grouping involves v i s i b l e
108wavelengths of approximately 450 n.m.
As n i t ro x id e  r a d ic a l s  I I  could not be i s o la te d  in  a pure 
s t a t e ,  the  formation of the conjugated r in g  of n i t ro x id e  ra d ic a l
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could n o t be a c c u ra te ly  monitored in  an u l t r a - v i o l e t  spectrom eter, 
As the  i r r a d i a t i o n  proceeds, the o th e r  m a te r ia ls  p re sen t  mask the 
change in  the s p e c t ra .
''n-z:
MG-
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APPENDIX 4
4 f . l t Monitoring by means of in f r a - r e d  spectroscopy the i r r a d i a t i o n  
of humulene n i t r o s i t e  w ith  red l i g h t
A chrom atographicaliy  p u r i f ie d  sample of humulene n i t r o s i t e  
was incorpora ted  in to  a KBr d isc  a t  a co n cen tra t io n  le v e l  of 1.1 mg/ 
300 mg. The i r r a d i a t i o n  of th i s  sample w ith  red l i g h t  was then 
followed in  an in f r a - r e d  spectrom eter. During the course of the 
i r r a d i a t i o n  the d isc  became opaque, and had to  be reground p r io r  
to  reco rd ing  each spectrum. This unavoidably led to  the incorp­
o ra t io n  of some H^O in to  the d i s c ,  the in f r a - r e d  abso rp tions  of 
which obscured the  reg ion  4,000 -  3,200 cm Table 4.1 l i s t s
the  main changes observed in  the  in f r a - r e d  spectrum as the 
i r r a d i a t i o n  proceeds.
T a b le  4 . 1
The changes observed in  the in f r a - r e d  spectrum of humulene
n i t r o s i t e  as i t  i s  i r r a d ia te d  with red  l i g h t
Humulene 
n i t r o s i t e  (17)
Changes observed as the 
i r r a d i a t i o n  proceeds
a)
H> , /
H
a) R\  / HC==C
H X R
R\  /
and R\  / H. c = c
R V R
-11) VC-H s t r . 3,015 cm
-13,010 cm
-1
2) ■ vc=c s t r . 1,660 cm
-1
1,665 cm
3) R \  /H
/ C = \  
H R
Vo.o.p. d e f .  980 cm
4) R^ /R
-1
H
V o.o .p .  def. 840 cm-1
1) The VC-H s t r .  widens and becomes 
le s s  w ell de fined .
2) Other C = C s t r e tc h in g  frequencies
-1
appear between 1,630 -  1,645 cm
3) As the i r r a d i a t i o n  proceeds the
R \  / Hc = c
H ^ ^ R  out of plane deformation
a t  980 cm  ^ decreases in  in te n s i ty .
On completing the i r r a d i a t i o n  th i s
lo ss  of i n t e n s i ty  i s  v  20%. However
the absorp tion  has increased  in  width
and more than one absorp tion  may be
p re se n t .
4) Rv / H  
r = C  
R ^  N t
V o.o .p .  def.  840 cm
On i r r a d i a t i o n  th i s  absorp tion  appears
to  remain unchanged.
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5) New absorp tions  were observed. These
might in d ic a te  the presence of
R\  / HC = C  groupings.
R
VC-H s t r .  v  3,080 cm *
Vo.o.p. d e f .  'v 910 cm *
6 ) No absorp tions  c o n s is te n t  w ith  the
form ation of the s t ru c tu re
R\  / R X =  C
y/
were observed.
b) CN k) Tke n i t r o s o  s t r e tc h in g  frequency
-1C NO a t  1,570 cm decreases in  in te n s i ty
VN=0 s t r .  1,570 cm  ^ as the i r r a d i a t i o n  proceeds and
ev en tu a lly  d isappea rs .
c) c) VN=0 s t r .  ^1,380 cm ^
A wide absorp tion  ascribed  to  a 
n i t ro x id e  s t r e t c h  appears a t  1,380 cm  ^
and inc reases  in  in te n s i ty  u n t i l  the 
i r r a d i a t i o n  is  complete. More than 
one absorp tion  may be p re sen t .
d) 9  d) C y H
H - 9 - N 0  > (
C CT XN02
VNO^  asym. 1,560 cm * The asymmetric n i t r o  s t r e t c h  shows
VN0 2  sym. 1,360 cm.  ^ a small decrease in  i n te n s i ty
VC-N bend 872 cm * as the  i r r a d i a t i o n  proceeds,
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and on completing the  i r r a d i a t i o n  more 
than one such abso rp tion  i s  p re se n t .
The symmetric n i t r o  s t r e t c h  a lso  decreases 
s l i g h t l y  in  i n t e n s i t y  and develops 
a shoulder.
e) The reg ion
840 -  880 cm -1
X HNO,
e) In  the  reg ion  840 -  880 cm ^
two new abso rp tions  appear as the 
i r r a d i a t i o n  proceeds. These a re  
e i th e r  a d d i t io n a l  C-N bends due to 
the following s t r u c tu r e s .
vC-N bend 872 cm
Rx  / H
X = C
rX  v r
-1
Vo.o.p. d e f .  840 cm
The C-N bend o f  the  
n i t r o s o  group was 
not i d e n t i f i e d .
-1
H— C — N0#
/ \— C C —
/ I  IV
or the  out of plane deformations 
of the  s t r u c tu r a l  u n i t
N .  n/ Hc — c
r/  \ r
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4* . 2 1 Following by means of in f r a - r e d  spectroscopy the
i r r a d i a t i o n  w ith  red l i g h t ,  of a s o l id  s o lu t io n  of 
caryophyllene n i t r o s i t e  (2) in  d in i tro -ca ry o p h y llen e (2 7 )
A s o l id  so lu t io n  of caryophyllene n i t r o s i t e  in  
d in i t ro -c a ry o p h y l len e  (10:90) was incorpora ted  in to  a KBr d isc  
a t  a co n cen tra t io n  lev e l  of 1.2 mg/300 mg. On follow ing the 
i r r a d i a t i o n  of t h i s  sample in  an in f r a - r e d  spec trom eter , no 
s ig n i f i c a n t  changes could be observed in  the sp e c t ra .  The 
experiment was repeated  using a s o l id  s o lu t io n  of caryophyllene 
n i t r o s i t e  in  d in i tro -ca ry o p h y llen e  (20:80) and ta b le  4.3 
l i s t s  the  main changes observed in  the in f r a - r e d  spectrum.
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T a b le  A .3
The changes observed in  the in f r a - r e d  spectrum of a
s o l id  s o lu t io n  of caryophyllene n i t r o s i t e  in  d in i t ro -c a ry o p h y l len e
(20:80) as i t  i s  i r r a d ia te d  with red l i g h t
NO
X * NO caryophyllene 
n i t r o s i t e
X = N0^ d i n i t r o -  
caryophyllene
P o s tu la ted  s t ru c tu re  of r a d ic a l  IV? (28)
Changes observed as the  i r r a d i a t i o n  
proceeds.
a)
Caryophyllene n i t r o s i t e  
vN = 0 s t r .  1,570 cm *
a) The n i t ro so  abso rp tion  of caryophyl­
lene n i t r o s i t e  slowly d isappears  and a 
new absorp tion  a t  1,387 cm  ^ which i s  
a scribed  to  a n i t ro x id e  s t r e tc h in g  
frequency inc reases  in  i n te n s i ty .
b)
Caryophyllene n i t r o s i t e
C
I
■C NO,
I
C
VNO^  asym. 
VNO2  sym. 
VC-N bend
1,550 cm-1
1,360 cm-1
870 cm-1
b) There i s  a s l i g h t  decrease in  the 
width and in te n s i ty  of the asymmetric 
s t r e tc h e s  of the n i t r o  groups. There 
i s  a lso  a small decrease in  the in te n s i ty  
of the symmetric n i t r o  s t r e t c h  a t  1,365 cm 
I t  was not p o ss ib le  to  determine w ith  
c e r ta in ty  the  p o s i t io n  from which the  
N© 2  was being l o s t .
- 1
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D in itro -ca ry o p h y llen e
I
H— C— N0_
I 2 
C
VNO^  asym. 1,560 cm
vN02 sym. 1,365 cm
vC-N bend
-1
-1
850 cm-1
o2n- CIL
VN02 asym. 1,550 cm
VN02 sym. 1,340 cm
VC-N bend
-1
-1
850 cm-1
c)
Caryophyllene n i t r o s i t e
C = C  
R H
VC-H s t r .  
vC=C s t r .  
V o.o .p .  def.
3,085 cm-1
1,640 cm-1
900 cm-1
c) There i s  no apparent change in  the  
abso rp tions  due to  carbon to carbon 
double bonds, bu t  a new abso rp tion  
appears a t  1,640 cm \
D in itro -ca ryophy llene
R\ c = c  
Rx  X H
VC-H s t r . 3,087 cm-1
VC=C s t r .  1,635-1,645 cm-1
V o.o .p .  def. 910 cm-1
d) A ll the  remaining absorp tions  in  the 
in f r a - r e d  spectrum remain unchanged.
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41.3* Following by means of in f r a - r e d  spectroscopy, the
i r r a d i a t i o n  w ith  red l i g h t ,  of a so l id  so lu t io n  of 
humulene n i t r o s i t e  (17) in  dinitro-huniulene (24) (30:70) 
A s o l id  so lu t io n  of humulene n i t r o s i t e  in  d i n i t r o -  
humulene (30:70) was incorpora ted  in to  a KBr d is c  a t  a concen­
t r a t i o n  le v e l  of 1.0 mg/300 mg. The i r r a d i a t i o n  of t h i s  sample 
w ith  red  l i g h t ,  was then followed in  an in f r a - r e d  spec trom eter. 
Table 4 .5  l i s t s  the main changes observed in  the in f r a - r e d  
spectrum as the i r r a d i a t i o n  proceeds.
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T a b le  4 . 5
The changes observed in  the in f r a - r e d  spectrum of a so l id  so lu t io n  
of humulene n i t r o s i t e ,  in  d in itro-hum ulene (30;70) as i t  i s  
i r r a d i a t e d  w ith  red l i g h t
X = NO -  humulene P o s tu la ted  s t ru c tu re  of r a d ic a l  IV (29)
n i t r o s i t e
X = ” d i n i t r o -  Changes observed as the i r r a d i a t i o n
humulene proceeds.
a)
Humulene n i t r o s i t e  
VN=0 s t r .  1,570 cm *
b) Humulene n i t r o s i t e  b) The o v e ra l l  width of the ab so rp tio n s ,
C due to  the asymmetric n i t r o  s t r e tc h e s ,_ I_
H C N0^ decreases . In  p a r t i c u l a r  the  absorp tions
C -1 ^ a t  1,555 cm due to the n i t r o  group
VN0« asym. 1,560 cm
 ^ a ttached  to  the secondary carbon atom on
VN0„ sym. .1,360 cm
dinitro-hum ulene, decreases in  in t e n s i ty .
VC-N bend 872 cm"
A decrease in  the i n te n s i ty  of the symmetric 
s t r e tc h  of the  n i t r o  group a t  1,360 cm 
i s  a lso  observed.
a) The n i t ro s o  absorp tion  slowly 
d isappea rs ,  and a s trong  absorp tion  a t  
1,380 cm 1 inc reases  in  in t e n s i t y .
This absorp tion  i s  a sc r ibed  to  
n i t ro x id e  s t r e t c h .
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Dini tro-humulene
H
VNOj asym. 
VNO^  sym. 
VC-N bend
-no2
1,550
1,360
cm-1
cm-1
CH. ■NO.
vN02 asym. 1,545 cm 
1,355 cm 
VC-N bend 872 cm
VN02 sym.
-1
-1
-1
c) Humulene n i t r o s i t e  
and d i n i  tro-humulene
R\  / H K  / HC =  C and C = C
\ RR
VC-H s t r .  
vC=C s t r .
R\ c = c
a '  N
v o .o .p .  def ,
H \ R
3,015 cm-1
3,010 cm-1
1,660 cm-1
1,665 cm-1
H
980 cm-1
R
x c = c /
H
R
v o .o .p .  def,
\ R
840 cm-1
c) There i s  no apparent change in  the  
absorp tions  due to  the carbon to carbon 
double bonds, except fo r  a s l i g h t  
decrease , <5%, in  the  i n te n s i ty  of the 
out of plane deformations a t  980 cm  ^
and 840 cm \  and a s l i g h t  in c rease  in  
the i n te n s i ty  of the absorp tion  a t  
1,665 cm \
No new absorp tions  from the out of 
plane deformations of the c is  double 
bond s t ru c tu re  shown below, were observed
in  the  range 730-665 cm-1
\  / R C^=C
H V H
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d) New ab so rp tio n s ,  which a re  very 
weak, appear a t  1,630 cm \  and 1,280 cm * 
and these  may be due to  n i t r o n e s .
e) A ll the remaining peaks in  the 
in f r a - r e d  spectrum remain unchanged.
4 f . 4 T The i r r a d ia t io n ,  w ith  red l i g h t ,  of a d i l u t e  s o lu t io n  of
0
humulene n i t r o s i t e  in  chloroform, or to luene , a t  77 K 
A s o lu t io n  of 0.1M humulene n i t r o s i t e  in  chloroform, 
was cooled under l iq u id  N^, in  a long t a i l e d  dewar f l a s k ,  to a 
g la s s  a t  77°K. This g la ss  was i r r a d ia te d  w ith  red l i g h t  fo r  sev e ra l  
hours , and f ig u re  4 .5 ,  shows the e .p . r .  spectrum of th i s  i r r a d ia te d  
s o lu t io n  recorded a t  77°K. On r a i s in g  the tem perature , and allowing 
the g la s s  to  l i q u i f y ,  most of the paramagnetic spec ies  d isap p ea r .
The weak remaining e . p . r .  spectrum shows the presence of two n i t ro x id e  
r a d ic a l s  which con ta in  the molecular fragment R^R2 R2 C-NO-CR/;.R^R^,
and whose i s o t r o p ic  sp in  Hamiltonian parameters a re  as fo llows
r 14is o t r o p ic  <g> = 2.0061 ± 0.0003; i s o t ro p ic  a( N) = 14.9 ±
]
r
, i s o t ro p ic  <g> = 2.0059 ± 0.0003; i s o t ro p ic  a( N) =
14.7 ± £ .5 G :J .
On c r y s t a l l i s i n g  the products of the above i r r a d i a t i o n  
from hot e th an o l ,  white needle shaped c ry s ta l s  of m .p t .= 168 t 0 .5  C 
were i s o la t e d .  The in f r a - re d  and H n .m .r .  sp ec tra  i d e n t i f i e d  the  
c r y s ta l s  as d i n i t r o —humulene (24). On rep ea tin g  the above re a c t io n  
using  a so lu t io n  of humulene n i t r o s i t e ,  which had been thoroughly
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degassed to  remove oxygen, the r e s u l t s  were ex ac tly  as described  
above, except th a t  d initro-huraulene was not found in  the re a c t io n  
p ro d u c ts .  S im ilar r e s u l t s  are  obta ined  i f  to luene , r a th e r  than 
chloroform , i s  used as so lven t in  t h i s  experiment.
4 1. 5 1 The i r r a d i a t i o n  w ith  red l i g h t ,  of a d i lu te  so lu t io n  of
caryophyllene n i t r o s i t e  in  chloroform, or to luene  a t  77°K
A thoroughly degassed s o lu t io n  of 0.1M caryophyllene
n i t r o s i t e  in  chloroform, was cooled under l iq u id  in  a long
t a i l e d  dewar, to  a g lass  a t  77°K. This g la ss  was i r r a d ia te d  w ith
red  l i g h t  fo r  sev e ra l  hours , and the e . p . r .  spectrum recorded a t
77°K i s  the  same as th a t  shown in  f ig u re  4 .5 .
On r a i s in g  the temperature to 295°K, most of the
paramagnetic spec ies  d isappear,  leav ing  a weak e . p . r .  spectrum,
a t t r i b u t a b l e  to  a s in g le  n i t ro x id e  r a d ic a l  con ta in ing  the  s t r u c tu r a l
u n i t  R^^C-NO-CR, RCR  ^.1 2 3 4 5 6
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CHAPTER 5
THE REACTIONS OF HTTMULENE NITROSITE 
WITH THE OXIDES OF NITROGEN
At th i s  p o in t  in  the in v e s t ig a t io n s ,  the  mechanisms 
involved in  the  production of the paramagnetic spec ies  observed 
when humulene n i t r o s i t e  i s  i r r a d ia te d  w ith  red  l i g h t  were f u l l y  
determ ined. However the  na tu re  of the  diamagnetic species  formed 
during  the  p h o to ly s is  re a c t io n s  was no t understood. The d i r e c t io n  
of the  re sea rch  was tem porarily  changed in  order to  study the 
re a c t io n s  of humulene n i t r o s i t e  w ith  the  oxides of n i t ro g en .  These 
re a c t io n s  were b r i e f l y  d iscussed in  chap te r  3.
Figure 3.3 shows the  e . p . r .  spectrum obtained from a
d i lu t e  degassed so lu t io n  in  chloroform, of the yellow o i l  formed
when humulene n i t r o s i t e  r e a c ts  w ith  the  oxides of n i t ro g en .  At
l e a s t  th re e  n i t ro x id e  r a d ic a l s  are  p re se n t ,  two of which, r a d ic a l s
A. and A„, co n ta in  the s t r u c tu r a l  u n i t  R,RoR_C-N0-CR/ RcRc and the 1 2 i  2 3 4 5 6
remaining r a d ic a l  B contains the s t r u c tu r a l  u n i t  R^R^R^C-KO-CHR^R^. 
F igure  3 .4  shows the e . p . r .  spectrum of a so lu t io n  of r a d ic a ls  
A^, A  ^ and B, allowed to stand u n t i l  r a d ic a l  B d isp ro p o rt io n a ted  
to  diamagnetic spec ie s .
P re lim inary  s i l i c a  t . l . c .  experiments showed th a t  the 
product of the re a c t io n  of humulene n i t r o s i t e  w ith  ^ 0 ^  contained 
a minimum of four components, th ree  of which were diam agnetic.
In  s tudying th i s  re a c t io n  fu r th e r ,  i t  was f e l t  important to  
c h a ra c te r i s e  and understand the  mechanism by which r a d ic a l s  
A^, A2, and B were formed, and to  i s o l a t e  and c h a r a c te r i s e  the
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diamagnetic components, and hence determine i f  any of the products 
formed by a p rocess involving transannu la r  c y c l i s a t io n s .
F u l l  d e t a i l s  of the experimental procedures involved in  
r e a c t in g  humulene n i t r o s i t e  w ith  have been o u t l in e d  p rev io u s ly ,
in  appendix 3, s ec t io n  3 ’ .2* ( d ) . I t  should be noted however, 
th a t  a l l  experiments were performed using chloroform, from which 
the e thanol had been removed, as the re a c t io n  of NO with n i t ro s o  
compounds i s  a l t e r e d  i f  p ro t i c  so lven ts  a re  p re se n t .
5 .1  I n v e s t ig a t io n  of the paramagnetic spec ies  formed during the 
r e a c t io n  of humulene n i t r o s i t e  w ith
The following two mechanisms were p o s tu la ted  as p o ss ib le  
ro u te s  to  the  formation of n i t ro x id e  r a d ic a ls  A^, and B.
1) The f i r s t  scheme considered, i s  shown in  f ig u re  5 .1 ,  and
•  •  •
involves the  ad d it io n  of NO ,^ or NO, or 0N0, or perhaps more
than one of these  r a d ic a l s ,  to  e i th e r  of the carbon to  carbon 
tt bonds in  humulene n i t r o s i t e ,  producing an in te rm ed ia te  
a l i p h a t i c  r a d ic a l ,  which undergoes a tran san n u la r  a d d it io n  to 
the  n i t r o s o  group. This mechanism would produce two n i t ro x id e  
r a d i c a l s ,  oneof s t r u c tu r e  (34) c o n s is te n t  w ith  r a d ic a l  B, 
the  o th e r  of s t ru c tu re  (35) c o n s is te n t  w ith e i t h e r  of A^  and 
A2 » I t  should be noted, th a t  a t ta c k  of the oxides of n i tro g en  
a t  the ends of the carbon to  carbon tt bonds of humulene n i t r o s i t e ,  
o ther than those in d ica ted  in  f ig u re  5 .1 , produces a l ip h a t i c  . 
r a d i c a l s ,  to  which the n i t ro so  groups could not c y c l i s e ,  the 
s t ru c tu re s  produced being very s t r a in e d .  This f i r s t  mechanism 
i s  analogous to  the  re a c t io n  shown in  f ig u re  1 .1 ,  which 
i l l u s t r a t e s  the r e a c t io n  of caryophyllene^with iod ine  to form
\^T«>0£aTE.
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the  io d o n i t r o s i te  (3 ) ,  which was d iscussed  in  chapter 1.
2) The second scheme is  based on the w ell documented re a c t io n
of n i t r i c  oxide w ith  C -n itro so  compounds.2^ ’ 25,27,109,110
Figure  5 .2 i l l u s t r a t e s  how the general scheme could be
adapted to  exp lain  the r e a c t io n  of humulene n i t r o s i t e  w ith
n i t r i c  oxide. The n i t r o s i t e  re a c ts  w ith  two molecules of
n i t r i c  oxide , forming complex (36), which rea rranges  to  the
diazonium s t ru c tu re  (37). Loss of from t h i s ,  then produces
an a l ip h a t i c  r a d ic a l  (18). This a l i p h a t i c  r a d ic a l  (18),
can i n t e r a c t  with the unreacted  humulene n i t r o s i t e  m olecules,
forming n i t ro x id e  r a d ic a l s ,  which a re  the d ia s te reom eric
forms of s t ru c tu re  (19), namely r a d ic a l s  I .  and I _ . N itrox ide
A B
r a d ic a l s  1^ and Ig were p rev ious ly  observed when humulene
n i t r o s i t e  was i r r a d ia te d  with red l i g h t .  The sp in  Hamiltonian
parameters of n i t ro x id e  r a d ic a l s  A^, and A  ^ were found to be
the  same as the sp in  Hamiltonian parameters of r a d ic a l s
I  and I  r e s p e c t iv e ly ,  and r a d ic a l s  A and A0 may th e re fo re  
A IS 1 Z
be id e n t i c a l  to  r a d ic a l s  I  and I  , having formed as shown
A D
in  f ig u re  5 .2 .
a) Attempts to  i s o l a t e ,  by using chromatographic techn iques , the
paramagnetic species  formed in  the re a c t io n  of humulene n i t r o s i t e  
w ith  ^2°2
When the products of the re a c t io n  of humulene n i t r o s i t e
with N90g» were chromatographed on s i l i c a  p l a t e s ,  u s ing  a so lven t of
e th e r :  p e t . e t h e r ,  (50:50), four major components were is o la te d  a t
R_ = 0 ,  0 .2 9 , .  0 .37, and 0 .83 . The products of R- >0, weref  • £ *
e x tra c te d  using ana la r  chloroform, and were a l l  d iam agnetic . Acetone
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was found to be the only so lven t s u i ta b le  fo r  the  e x t ra c t io n  of 
the  m a te r ia ls  of R. = 0 ,  The products of R_ = 0  con ta in  a l lt . i .
the  paramagnetic spec ies  p re se n t .  However only r a d ic a l s  and 
a re  observed, as r a d ic a l  B decomposes on the  s i l i c a  su rface .
b ) Attempted p u r i f i c a t io n  of n i t ro x id e  r a d ic a ls  and A^, 
using  chromatographic techniques
The yellow s o l id  of R  ^ = 0, which contained  n i t ro x id e  
r a d ic a l s  A  ^ and A^, accounted fo r  approximately 8% by weight of
the t o t a l  p roduct. The in f r a - r e d  spectrum of th i s  yellow s o l id  i s
c o n s is te n t  w ith  the  presence of only small amounts of n i t ro x id e  
r a d ic a l s  A  ^ and A^, and the n .m .r .  spectrum shows only s l i g h t  
broadening, the m ajo rity  of the spec ies  p re sen t  being  diam agnetic .
The l i n e  shape of the e . p . r .  spectrum obtained from a p o ly c ry s ta l l in e  
sample of th i s  s o l id ,  in d ic a te d ,  th a t  i t  i s  m agnetica lly  d i lu c e .  
Attempts were made to i s o l a t e  pure samples of n i t ro x id e  r a d ic a l s  
A  ^ and A^, by using  a l l  the following chromatographic techn iques , 
which were p rev ious ly  used to  i s o l a t e  r a d ic a l s  1^ and 1^ from the 
p h o to ly s is  products  of humulene n i t r o s i t e .
1) The period of chromatographic sep a ra t io n  was extended, and 
v arious  so lven ts  were t r i e d .
2) S i l i c a  column chromatography was used.
3) Alumina and c e l lu lo se  t . l . c .  were used.
A ll such experiments were however unsuccessfu l and the 
longer the  n i t ro x id e  r a d ic a ls  A^  and A2  were kept on the  a c t iv a te d  
s u r fa c e s ,  the more impure they became, because of decomposition.
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c) Attempted p u r i f i c a t io n  of n i t ro x id e  r a d ic a l s  A^, and B 
using  techniques which do not involve chromatography
I t  was observed th a t  the product of the  re a c t io n  of 
humulene n i t r o s i t e  w ith  could be separa ted  in to  two f r a c t io n s ,
according to  whether or not they could d is so lv e  in  the  mixture 
e th e r :  p e t .  e th e r ,  (50:50). Those f r a c t io n s  so lub le  in  the  m ixture, 
corresponded to  the diamagnetic spec ies  of R_ >0 which were
I  •
i s o la te d  chrom atographically  as described  e a r l i e r  in  t h i s  s ec t io n .
The in so lu b le  f r a c t io n s  contained n i t ro x id e  r a d ic a l s  A^, A  ^ and
B. The i n f r a - r e d n . m . r . , a n d  p o ly c r y s ta l l in e  e . p . r .  sp ec tra
of the  f r a c t i o n  contain ing  r a d ic a l s  A^, A  ^ and B a l l  ind ica ted
th a t  the  s o l id  was m agnetica lly  d i l u t e ,  diamagnetic spec ies  being
the  major products  p re sen t .
In  a ttem pts  to e x tra c t  pure samples of r a d ic a l s  A_, A01
and B, the  two following techniques were employed.
1) E f fo r t s  were made to  e x t r a c t  basic  components of the  m ixture 
in to  a d i l u t e  aqueous ac id  phase, w ith  which n i t ro x id e s  do no t 
r e a c t .  This achieved l i t t l e  success however and on making 
the  ac id  phase more concentra ted  the  n i t ro x id e s  formed 
hydroxylamines and oxammonium s a l t s ,  which hydrolyse and 
fu r th e r  decompose^to *0H ra d ic a l s  and the  p a ren t  n i t r o x id e s .
2) The reduc tion  of n i t ro x id e  r a d ic a l s  A^, A2 and B to hydrox- 
yfamines was attem pted, w ith  the hope th a t  these could then 
be chrom atographically  separa ted , and the pa ren t n i t ro x id e s  
regenera ted  by ox ida tion . U nfortunate ly  no reducing agent 
could be found which would s e le c t iv e ly  reduce the  n i t ro x id e  
group w ithout a t  the  same time a f fe c t in g  the C=C bonds, and 
the  n i t r o  groups.
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I t  was thus no t p o ss ib le  to confirm th a t  n i t ro x id e
r a d ic a l s  and A^, formed by the mechanism shown in  f ig u re  5 .2 ,
were i d e n t i c a l  to  r a d ic a l s  I .  andA B.
5 .2  The r e a c t io n  of humulene n i t r o s i t e  w ith  n i t ro g en  d iox ide
Figure 5.1 i l l u s t r a t e s  a mechanism which involves a t ta c k  
of the  oxides of n i tro g en  a t  the tt system of humulene n i t r o s i t e ,  
forming a l ip h a t i c  r a d ic a ls  to which the n i t ro s o  group can c y c l i s e  
and hence form n i t ro x id e  ra d ic a ls  which were e a r l i e r  p o s tu la ted  as 
p o s s ib le  s t ru c tu re s  fo r  A^, A  ^ and B. N i t r i c  oxide can no t be 
involved in  the  i n i t i a l  a t ta c k  as i t s  a d d i t io n  to  a secondary 
carbon p o s i t io n  would lead  to  rearrangem ents, forming oximes, and 
no such spec ies  were d e tec ted .
To determine i f  NC  ^ was the  i n i t i a t i n g  r a d ic a l ,  so lu t io n s  
of humulene n i t r o s i t e  were reac ted  w ith  NO^. The experimental 
d e t a i l s  of t h i s  re a c t io n ,  inc luding  the i s o la t io n  and c h a r a c te r i s a t io n  
of the  spec ies  produced, a re  contained in  appendix 5, s e c t io n  5 * .I 1. 
The r e a c t io n  d id  not proceed as shown in  f ig u re  5 .1 ,  and no apprec­
ia b le  amounts of n i t ro x id e  r a d ic a ls  were produced. In s tead  the  
r e a c t io n  involved a slow replacement of the  n i t ro s o  group of
humulene n i t r o s i t e  w ith NC  ^ forming dm itro -hum ulene, w ith  a sub-
•  •
sequent a d d i t io n  of NC^  and ONC ,^ over the remaining double bonds
of the  d in itro-hum ulene. The presence of ONC^  r a d ic a l s ,  may e i th e r
•  •
a r i s e  from the in te r a c t io n  of N0? and NO w ith molecular oxygen, 
or in  rearrangements r e s u l t in g  from the i n i t i a l  a t ta c k  of NO^  a t  
the  n i t r o s o  group of humulene n i t r o s i t e .
Amongst the products i s o la te d ,  were s t ru c tu re s  (38) and 
(39) as w e ll  as dinitro-hum ulene (24) in  what appears to  be both
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the  c is  and t ran s  isomeric forms. A summary of the p e r t in e n t  
d a ta  from the  H n .ra .r .  and in f r a - r e d  sp e c t ra  of the c is  and t ra n s  
forms of d in itro -hum ulene, i s  contained in ta b le s  5.1 and 5.2 
r e s p e c t iv e ly .
I t  has a lso  been demonstrated by the author of th i s  
t h e s i s ,  t h a t  u n lik e  caryophyllene n i t r o s i t e ,  see f ig u r e  1 .1 , 
chloroform  s o lu t io n s  of humulene n i t r o s i t e  do no t r e a c t  w ith  iod ine  
to  produce n i t ro x id e  r a d ic a l s .
5 .3  In v e s t ig a t io n  of the diamagnetic species  formed during the
re a c t io n  of humulene n i t r o s i t e  w ith
I t  has p rev ious ly  been observed th a t  the  products
obta ined  from the re a c t io n  of humulene n i t r o s i t e  w ith  N2^3» can
be considered  in  two groups according to  whether they do, or do n o t ,
d is so lv e  in  a mixture of e th e r :  p e t . e t h e r ,  (50:50).
a) The diamagnetic components so lu b le  in  e th e r :  p e t . e t h e r .  (50:50)
By chromatographing the so lub le  f r a c t io n s  on s i l i c a
p l a t e s ,  th ree  major products have been i s o la te d  in  a pure s t a t e
from the R,. reg ions 0 .29 , 0 .39 , and 0 .82 , re s p e c t iv e ly ,r  •
The in f r a - r e d ,  n .m . r . ,  and mass s p e c tra  of these  sp ec ie s ,  
have been compared w ith  the corresponding s p e c t ra  of humulene 
n i t r o s i t e  (17), d initro-hum ulene (24), n i t ro -n i t ra to -n u m u len e  (26), 
caryophyllene n i t r o s i t e  (2 ) ,  and d in i t ro -ca ry o p h y l len e  (27). These 
sp e c t ra  were used as s tandards , re p re sen tin g  the type of s t ru c tu re s  
which might be p re sen t  in  a humulene d e r iv a t iv e ,  or in  a caryophyllene 
based rearrangement of the  humulene s t ru c tu re .
The th ree  spec ies  of R- value 0 .29 , 0 .39 , and 0 .8 2 , 
have been ch a rac te r is ed  to  have the s t ru c tu re s  shown below.
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R,. = 0.83 (41) Dinitro-humulene (24) R_ = Oi29 (40)r • f .
1) The component of R_ = 0.83
The m a te r ia l  ex trac ted  from the reg ion  of R = 0.83 was 
an o i l .  This o i l  was fu r th e r  chromatographed using s i l i c a  p la te s  
and carbon te t r a c h lo r id e  and f ig u re  5.6 shows the *H n .m .r .and  
in f r a - r e d  sp e c tra  of a so lid  e x trac ted  from the reg ion  of R  ^ = 0 .2 9 .  
By comparing these  spec tra  w ith  the standard humulene d e r iv a t iv e s  
mentioned e a r l i e r ,  t h i s  m a te r ia l  was c h a ra c te r is e d  as s t ru c tu re  (41). 
A summary of the  p e r t in e n t  d a ta  obtained from the *H n .m .r .  and 
in f r a - r e d  sp ec tra  of (41), a re  contained in  ta b le  5 .7 ,  and 5 .8 ,  
r e s p e c t iv e ly  in  appendix 5. The mass spectrum of th i s  species  
con ta ins  the  p a ren t  molecular ion, and has a very s im ila r  b reak­
down p a t t e r n  to  th a t  observed fo r  humulene n i t r o s i t e .  A comparison 
of the major peaks p resen t in  the mass spectrum of component (41) 
and humulene n i t r o s i t e ,  i s  contained in  ta b le  5 .9 , appendix 5.
During the chromatographic p u r i f i c a t io n  of th i s  m a te r ia l
(41), the  in f r a - r e d ,  and *H n .m .r l  sp ec tra  showed t ra c e s  of a d d i t io n a l  
a l l y l i c  m ethyls, t ran s  double bonds, and geminal-dimethyls, and in  
p a r t i c u l a r ,  in f r a - r e d  absorp tions  were observed a t  1,510 cm * and 
1,325 cm""*, which appear to  be due to  the asymmetric and symmetric
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Figure  5 .6  (A) The in f r a - r e d  spectrum recorded in a CCl^ so lu t io n
in  the  range 3,200-800 cm *, and (B) the 1H n .m .r .  spectrum 
recorded in  a CBCl^ so lu t io n  in  the  t  range 4 to 10, of the 
component of Rf = 0 .83 , namely (41), i s o la te d  from theX •
product of the r e a c t io n  of humulene n i t r o s i t e  w ith  N^O^*
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a b so rp tio n s  of a conjugated n i t r o  grouping. I t  i s  probable th a t  
in  a d d i t io n  to  compound (41) small amounts of the isomeric spec ies
(42) and (43) are  a lso  p re sen t .
(42) (43)
2) The component of = 0.39
This m a te r ia l ,  when c r y s t a l l i s e d  from e th an o l ,  produced 
c le a r  needle  shaped c ry s ta ls  of m .pt. = 168.5 ± 0.5°C. A comparison 
of a l l  the  spec troscop ic  evidence a v a i la b le  fo r  th i s  compound w ith  
the  corresponding sp ec tra  of dinitro-hum ulene (24) showed th a t  t h i s  
c r y s t a l l i n e  m a te r ia l  was pure d in itro-hum ulene.
3) The component of R£ = 0.29
The m a te r ia l  ex trac ted  from the region of = 0.29 
was an o i l .  This o i l  was fu r th e r  chromatographed using s i l i c a  p la te s  
and carbon t e t r a c h lo r id e ,  and f ig u re  5.7 shows the ^H.n.m.r. and 
in f r a - r e d  sp ec tra  of the so l id  ex trac ted  from the region  of R = 0 .12 .X m
This m a te r ia l  Was c h a rac te r ised  as s t ru c tu re  (40), and in  forming 
has undergone a rearrangement to  a caryophyllene l ik e  s t r u c tu r e .
A summary of the p e r t in e n t  d a ta  from the n .m .r .  and in f r a - re d  
s p e c t ra  of (40) are  contained in  ta b le s  5.10 and 5.11 re s p e c t iv e ly ,  
in  appendix 5.
During the chromatographic p u r i f i c a t io n  of component (40) 
small amounts of o th e r  species  w ere .d e tec ted .  In  p a r t i c u l a r ,
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Figure 5.7 (A) The in f r a - r e d  spectrum recorded in  a CC1/ so lu t io n  in
_1 i ^
the range 3,200 -  800 cm , and (B) the XH n .m .r .  spectrum 
recorded in  a CDCl^ so lu tio n  in  the T range 4 to  9, of the 
component of Rf = 0.29 namely (40), i s o la te d  from theX •
product of the re a c t io n  of humulene n i t r o s i t e ,  w ith ^ O ^ .
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a d d i t io n a l  absorp tions were observed in  the in f r a - re d  sp e c t ra ,  
f o r  the  exomethylene group, and t ra c e s  of n i t r a t e s  were a lso  
observed.
By a q u a n t i ta t iv e  study of the absorbance, of the 
n i t r o  a b so rp tio n s ,  p resen t in  the in f r a - re d  sp e c tra  of the s tandard  
humulene and caryophyllene d e r iv a t iv e s  l i s t e d  e a r l i e r ,  i t  was 
p o s s ib le  to confirm, th a t  the component (41) contained one n i t r o  
group per molecule, and th a t  component (40), contained two n i t r o  
groups.
b ) The diamagnetic components in so lu b le  in  e th e r :  p e t . e t h e r ,  (50:50)
Those products of the r e a c t io n  of humulene n i t r o s i t e  w ith  
^2^3 w^ ^cn were in so lu b le  in  e th e r :  p e t . e t h e r ,  (50:50), were a 
m ixture  of diamagnetic sp ec ie s ,  and the n i t ro x id e  r a d ic a l s  A^, 
and B. F igure 5.8 shows the n .m . r . ,  and in f r a - r e d  sp e c tra  of 
some diamagnetic species ex trac ted  from th i s  f r a c t io n ,  using  carbon 
t e t r a c h l o r id e .
There was c le a r ly  more than one component p re s e n t ,  however, 
a l l  f u r th e r  a ttem pts  to p u r ify  th i s  m a te r ia l  were unsuccessfu l.
A d e ta i l e d  examination of the *H n . m . r . , in f r a - r e d ,  and mass sp e c tra  
o f  the m ixture, in d ica ted  th a t  the fo llowing spec ies  might be 
p re se n t .
0N 0
(44) (45) (46)
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Figure  5 .8  (A) The in f r a - r e d  spectrum recorded in  a CC1, so lu t io n
4
in  the range 3,700-800 an 1 and (B) the "Si n .m .r . spectrum
recorded in  CDC13 in  the t range 4 to  10 of compounds (44-46) 
 ^ i s o la te d  from the product of humulene n i t r o s i t e  re ac ted  with 
N2°3-
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I t  must be emphasised however, th a t  s t ru c tu re s  
(44-46) are  proposed in  a very t e n ta t iv e  manner s ince  they are 
based s o le ly  on the fo llow ing o b se rv a tio n s .
1) The in f r a - r e d  spectrum i s  c o n s is te n t  w ith  the  presence of the 
s t r u c tu r a l  u n i t s  l i s t e d  below.
S t r u c tu ra l  u n i t  In f ra - re d  absorp tions
a) Rv >CH VC-H s t r .  3,015 era” 1
> = C  J
H V o .o .p .  d e f .  840 cm
H— C— N0« VN09 asym. s t r .  (1,540-1,565) cm 1
I -1VNO^  sym. s t r .  (1,355-1,365) cm 
In  each case sev e ra l  n i t r o  absorp­
t io n s  a re  p re sen t .
c)
H—
1
- C — 0N0 ,i z Vasym N0^ s t r . 1,645
-1cm
1 vsym. NO^ s t r 1,280 -1cm
VN-O s t r . 850 -1cm
d) -1R V0-H s t r .  3,610 cm1
HO—  C—  R 
1 
R
This hydroxyl s t r e tc h in g  absorp tion
i s  weak.
e) 0 VC=0 s t r .  1,720 cm 1
II
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2) A comparison of the absorbance of the n i t r o  abso rp tions  in  
th i s  sample, w ith  the standard humulene and caryophyllene 
spec ies  in d ica ted  th a t  two n i t r o  groups are  p re sen t  per 
molecule. . A comparison of the  n i t r a t e  a b so rp t io n s ,  r e l a t i v e  
to  the  n i t r o  abso rp tio n s ,  in  n i t ro -n i t ra to -h u m u len e  (26), 
and in  th i s  m ix ture , ind ica ted  th a t  39% of the  spec ies  a lso  
con ta in  a n i t r a t e  grouping.
3) The ^H,n.m.r. spectrum shows a s e r ie s  of resonances in  the 
T . range 8.34 to  8.46 which are compatible w ith  the presence 
o f  a number of a l l y l i e  m ethyls.
4) The n .m .r .  and in f r a - r e d  s p e c tra ,  show no evidence of the 
fo llow ing s t r u c tu r a l  u n i t s .
C
I
X — C and C —  C —  NO.
I 2 
C
RSV. C==C
y/  x r
5) The mass spectrum is  c o n s is te n t  with the p o s tu la te d  s t r u c tu r e s .  
The main peaks p re sen t  in  the mass spectrum are  summarised in  
ta b le  5 .12, appendix 5.
5 .4  The mechanism by which humulene n i t r o s i t e  r e a c ts  w ith  1 ^ 3  
The diamagnetic species  formed when humulene n i t r o s i t e  
r e a c t s  w ith  appear a t  f i r s t  s ig h t  to have very d iv e rse
s t r u c tu r e s .  They a re ,  however, very in te r e s t in g ,  having a common 
m echanis tic  o r ig in ,  and demonstrating fo r  the f i r s t  time in  th i s  
p re sen t  study, spec ies  which have formed, by a tran san n u la r  
c y c l i s a t io n  of the humulene r in g .
A complete m echanistic  flow char t  i s  shown in  f ig u re  S . l  
of the  summary, which o u t l in e s  the production  of the spec ies  observed 
when so lu t io n s  of humulene in  an a p ro t ic  so lv en t ,  and s o lu t io n s  of
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humulene n i t r o s i t e  in  an a p ro t ic  so lv en t ,  a re  reac ted  with the 
oxides of n i t ro g en .
The re a c t io n  of humulene n i t r o s i t e  w ith the oxides of 
n i t ro g e n  proceeds by the scheme p rev io u s ly  p o s tu la ted  in  f ig u re
5 .2 ,  and invo lves  the a t ta c k  of NO a t  the  n i t ro so  group forming the 
diazonium complex (37), which e lim in a te s  N , forming the  a l ip h a t i c  
r a d ic a l  (18). This a l ip h a t i c  ra d ic a l  (18), can be s ta b a l is e d  in  
the  fo llow ing f iv e  ways.
1) F i r s t ,  the  r a d ic a l  can a b s t r a c t  a proton from (18),
producing s t ru c tu re s  (41), (42), (43), and n i t r i c  ac id .
2) A l te rn a t iv e ly  the ONO^  r a d ic a l  could add to (18), producing 
n i tro -n it ra to -h u m u len e  (26). As no s ig n i f ic a n t  t ra c e s  of 
n i tro -n it ra to -h u m u len e  were observed, the  ONO2  r a d ic a l  would 
appear to  p re fe r  to  a b s t r a c t  a p ro ton . This p re fe rence  may 
have i t s  o r ig in s  in  s t e r i c  c o n s id e ra t io n s .
3) Third NO 2  can add to  (18), producing dinitro-hum ulene (24).
4) In  i t s  fo u r th  mode of behaviour ra d ic a l  (18) can in t e r a c t  
w ith  molecules of unreacted humulene n i t r o s i t e ,  producing 
n i t r o x id e  r a d ic a ls  A  ^ and A^, which a re  thus d ias te reom eric  
forms of s t ru c tu re  (19), and id e n t ic a l  to n i t ro x id e  r a d ic a ls
JA and I B.
' 5) F in a l ly ,  r a d ic a l  (18) can undergo the transannu la r  c y c l i s a t io n
shown in  f ig u re  S . l .  The f i r s t  products of t h i s  c y c l i s a t io n ,
(43), (50) and (52), con ta in  a cyclopropyl r in g .  These 
compounds were not d e tec ted .  This i s  not s u rp r is in g ,  as the 
cyclopropyl r in g ,  would be su sc ep tib le  to fu r th e r  a t ta c k  by 
NO£ and 0N02 , which would r e s u l t  in  the r ing  opening.
Compound (40), found to  be a product of the re a c t io n  of humulene
n i t r o s i t e  w ith  ^ 0 ^ ,  may have been produced by th i s  mechanism. 
Compounds (44), (45) and (46), may a lso  have formed as shown 
m  f ig u re  S . l ,  from cyc lised  products con ta in ing  a cyclopropyl 
r in g ,  which were not de tec ted  p r io r  to t h e i r  f u r th e r  re a c t io n s  
w ith  NOg*
The tran san n u la r  c y c l i s a t io n  of r a d ic a l  (18) a lso  produces 
the  a l ip h a t i c  ra d ic a ls  (47) and (49), which may r e a c t  with 
humulene n i t r o s i t e ,  to produce n i t ro x id e  r a d ic a l s  con ta in ing
the  s t r u c tu r a l  u n i t s  R.RoRoC-N0-CHR,Rc and R,R„R_C-NO-CR.RCR^.1 2 3  4 5  1 2 3  4 5 6
This provides a p o ss ib le  exp lana tion  fo r  the  formation of
n i t ro x id e  ra d ic a l  B, contain ing  the  s t r u c tu r a l  u n i t
R.R-R.C-NO-CHR.R,. which i s  observed when humulene n i t r o s i t e  1 2 3 4 5
re a c ts  w ith  N2°3*
5.5 The paramagnetic species  formed during the  re a c t io n  of 
caryophyllene n i t r o s i t e  w ith N„0„- 1 ■ " -i-
Figure 3 .6  shows the  e . p . r .  spectrum obta ined  from a 
d i l u t e  so lu t io n  in  chloroform, of the  yellow o i l  formed during the  
r e a c t io n  of caryophyllene n i t r o s i t e  w ith  s in g le  n i t ro x id e
r a d ic a l  p re se n t ,  con tains  the  s t r u c tu r a l  u n i t  R^^R^C-NO-C R^R^R^ 
and most probably forms when caryophyllene n i t r o s i t e  r e a c ts  with 
n i t r i c  oxide forming a diazonium n i t r a t e  complex which decomposes 
w ith  the  evo lu tion  of ^  to a l i p h a t i c  r a d ic a l  (12), which in te r a c t s  
w ith  caryophyllene n i t r o s i t e  to form the n i t ro x id e  r a d ic a l  I ’ of 
s t r u c tu r e  (10). This mechanism i s  completely analogous to  th a t  
shown in  f ig u re  5.2 which describes  the re a c t io n  of humulene n i t r o s i t e  
w ith  NO.
Attempts to i s o l a t e  th i s  n i t ro x id e  ra d ic a l  I* using 
chromatography, and sublim ation a t  low p re s su re s ,  have proved 
unsuccessfu l.  Figure 5.9 shows the e . p . r .  spectrum obtained from
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F igure  5.9 The e . p . r .  spectrum recorded a t  295°K, of a d i lu te  po ly- 
c r y s t a l l i n e  sample o f 'n i t r o x id e  r a d ic a l  I f obtained 
from the re a c t io n  of caryophyllene n i t r o s i t e  (2) w ith
W
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a p o ly c r y s ta l l in e  sample of the products of the re a c t io n  
of caryophyllene n i t r o s i t e  w ith  N20 . The sp in  Hamiltonian 
param eters of n i t ro x id e  r a d ic a l  I* obtained  from an a n a ly s is  
of t h i s  spectrum a re  contained in  t a b l e . 5 .13 .
Table 5.13
The sp in  Hamiltonian parameters of n i t ro x id e  r a d ic a l  I* 
ob ta ined  from the re a c t io n  of car yophyllene n i t r o s i t e  
w ith
811
2.0087
- A ( 14 i r
6.5G
22
2.0053
g33
2.0021
<g>
2.0054
N) a 22(14n) a 33( N) a ( 14N)
7.0G 3 5 .5G 16 .3G
$
3.0G
14The l im i t s  of e r ro r  fo r  g .^ ,  g ^ y  g ^ y  A^C N)
A22(^^N), A33( 14N), and a ( 14N), a re  r e s p e c t iv e ly  ± 0.0003,
± 0.0003, ± 0.0002, ± 0 .0 0 0 3 ,  ± 0.3G, ± 0.3G, ± 0.1G, and ± 0.3G.
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APPENDIX 5
^ '.1 *  The re a c t io n  of humulene n i t r o s i t e  w ith  n i tro g en  d ioxide
A d i lu t e  so lu t io n  of humulene n i t r o s i t e  in  petroleum 
e th e r  was placed in  a f l a s k ,  and p a r t i a l l y  degassed. The th e o r e t ic a l  
volume o f n i t ro g en  dioxide requ ired  to  in troduce  one molecule of 
N( > 2  fo r  each molecule of humulene n i t r o s i t e ,  was then in je c te d  in to  
the  f l a s k .  Over a period of a few days, a w hite  p r e c ip i t a t e  s e t t l e d  
o u t ,  and the m a te r ia l  remaining in  the petroleum e th e r  lay er  re ta in ed  
the  b lue  colour of humulene n i t r o s i t e .  A ll the products  of th i s  
r e a c t io n  were found to be diamagnetic.
a) Products of the r e a c t io n  of humulene n i t r o s i t e  w ith  NO- which~   —  " ■   —       ■ ■1 ■'    —.'—2—
are  so lub le  in  p e t .e th e r
The n .m .r .  and in f r a - r e d  sp ec tra  of the m a te r ia l  re ­
maining in  the  petroleum e th e r ,  showed the presence of unreacted 
humulene n i t r o s i t e ,  and a mixture of d e r iv a t iv e s  con ta in ing  numerous 
n i t r o ,  and n i t r a t e  groupings. These products were chromatographed 
on s i l i c a  t . l . c .  p la te s  using e th e r :  p e t . e t h e r ,  (60:40). A s e r ie s  
of components were p re sen t ,  mostly in  small q u a n t i t i e s .  The two 
major products  were p resen t  a t  R. = 0 .57 , and 0 .5 ,  and were
X •
p u r i f i e d  by c r y s t a l l i s i n g  from hot e thano l.  The component of 
R = 0 .5  was ch a rac te r is ed  as d initro-hum ulene (24). A comparisonX •
of the n .m .r .  spectrum of the component of = 0 .5 7  w ith  the 
corresponding spectrum of d initro-hum ulene (24) i s  shown in  f ig u re
5 .3 .
The sp ec tra  of the two species  are  very s im i la r ,  and they 
appear to  be the  c is  and t ran s  isomers of d in itro-hum ulene. The 
c is  isomer con ta in s  a small amount of a n i t r a t e  d e r iv a t iv e ,  the 
abso rp tions  of which were de tec ted  in  the in f r a - r e d  spectrum.
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Figure 5 .3  The n .m .r. sp ec tra  of so lu t io n s  of (A) t ra n s -d in i t ro -  
humulene (24), and (B) c is-d in itro -h u m u len e ,  in  CDCl  ^
in  the  T range 4 to  10.
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T a b le  5 . 1
A comparison of the da ta  obtained from the H n .m .r. 
s p e c t ra  of the t ran s  isomer of dinitro-hum ulene (24) 
and the component of R£ = 0 .57 , of the re a c t io n  of
' " r n ' ' 1 .  « - r -| - r  -  in n n _ i  I n.
humulene n i t r o s i t e  with N0^, which appears to  be the  
c is  isomer of dinitro-hum ulene
15
12
12
13
Trans din itro-hum ulene Cis dinitro-hum ulene
Rf. “ ° - 5 = 0.57X •
a)
13
12
r 3
a)
12
ch3
13 | J
CH  :C —'—3 1|
S T = 8.89 
S t = 8.84
I  = 3H 
I  = 3H
S T 
S T
8.92
8.87
I = 3H 
I  = 3H
b) NO
9 gl 1 15  C-— C— CH.
7C
b) NO,
U—  Kj
15
S t = 8.08 I  = 3H S T = 8.26 I  = 3H
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5 5c) Cv  / H  c) C y'H
3 /  \ 4  3 /
u — C -----
14,r; \ 2  1 4 / ^  \ a
oh3 x c . ch
s T = 8.29 I  = 3H S t = 8.23 I  * 3H
small coypling J<lHz • small coupling J<lHz.
d)
6
CH,
NO
7] 8- C  C
1
H
d) NO,
CH, 4 — 8C
H
M u lt ip le t  T = 4 3 4  9  I  = 1H, 
X p a r t  of an ABX system 
J  « O Hz., J  = 8 . 8 Hz.
M u ltip le t  t = 4,76 , I  = 1H . 
X p a r t  of an ABX spectrum 
J  = 4.5Hz., J  = 8.0Hz.
e) E th y len ic  pro tons 
1 )
- c \  / HxNil 1 0 /
/ C' _ C \ 9  
<  / ~ HA
HB I
H i s  the  X p a r t  of an ABXYA
system, and c o n s is ts  of a 
group of 8  peaks t  = 5.04 
3 ^  = 15.9Hz., JAX = 8 . 8 H z.f
e) E thy len ic  protons 
1)
X  / Hx' x 1 0 /  A
c = c
V
\ 9 Nc  H
/ 1
H / i s  the  X p a r t  of an ABXY system A
and c o n s is ts  of a group of 
8  peaks t  » 4.64 J ^ '  = 16.5Hz.,
J j(x' = 9 -0Hz*> J rfx' = 4.5Hz.
JBX = 3.0H z.
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Doublet T 4.68 
Jyx ? 15.9flz. 
shows a small a d d i t io n a l  
coupling o f * 1Hz.
'D oub le t  t 4.64
Jy#x ' = 16.5Hz.
2> \ 3
/ C \ H HX  \ 3
H /
4 /
-C
\ h
14 3
The underlined  proton i s
2) V
/ cr H /\Y  V 3 4'C Z
H/  N c h14 3
The underlined  p ro ton  i s
the X p a r t  of an ABX system. the X p a r t  of an ABX system.
M u lt ip le t  T = 4.64 I  = 1H M u ltip le t  T = 4 .5 2  I  = 1H
J  = 5.0Hz. and J  = 9.0Hz. J  = 3Hz. and J = 10Hz.
f x  |A 
10r  9r
V10*
H ,
iA
9 '
1 1/ /  /  \ s / CH3
1 I  B i Y n o  '
Y 2
8 peaks a re  observed fo r
A  L AC' HJ l /  \ s / H3-  c — c v  cf
V  r ' N02
8 peaks are  observed fo r  H_/B
T = 7.28 I  = 1H T = 7.18 I = 1H
JAB = 15Hz-’ ja x = 3Hz- J ./ n/ ”■ XdHz«k A B J B 'x '= 4*5Hz*»
J  = 1Hz. •^ B" y"  ^ i ^ z «
8 peaks a re  observed fo r 8 peaks are  observed fo r
Hg t 7.72 I  = 1H Ha, t = 7.53 A I  = 1H
JA B - 15Ha* JBX = 8’8Hz’» JA' B' ~ 6HZl’ j a ' x ' = 9Hz‘*
BY = 2Hz. JA'Y" < 1Hz.
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g) A l ly l i e  protons
The T  reg ion  7.06 to  8.52 
con ta in s  14 p ro to n s ,  namely 
4 CI^’s ,  the a l l y  l i e  methyl, 
and the methyl on the carbon 
ad jac e n t  to  NO^.
g) A l ly l ic  protons
The T reg ion  7.02 to 8.54 
con ta in s  14 p ro tons , namely 
4 CH^’ s ,  the a l l y l i c  methyl, 
and the methyl on the  carbon 
ad jacen t to  N0 2 *.
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T a b le  5 . 2
A c o m p a r is o n  o f  t h e  d a ta  o b t a i n e d  from  t h e  i n f r a - r e d  s p e c t r a
of  the  tran s  Isomer of dinitro-hum ulene (24), and the component
of Rf  = 0 .5 7 ,  of the re a c t io n  of humulene n i t r o s i t e  with N0o,
£  •  -  —  -  2—
which appears to be the c is  isomer of d in itro-hum ulene
a ~ v no2 •NO.
NO
Trans din itro-hum ulene Cis dinitro-hum ulene
R- = 0.5
X •
R. = 0.57X «
a) R. .H
H
\  /
C = C  +/  \,VR
R yE
\ c = = c
\
a) R ^  ^ E  R. ,H
c = c  + c
/  \ r  /  \H' R
VC-H s t r .
VC=C s t r .
R \  / H c — c
E ^  N r
V o.o .p .  d e f .
/  V.,
H
R
V o.o .p .  d e f .
3,015 cm-1
3,010 cm-1
1,660 cm-1
1,665 cm-1
980 cm-1
840 cm- 1
VC-H s t r .
VC=C s t r .
R\  / Hc — c
H N R
Vo.o .p .  d e f .  
C = C
r/  \ r
Vo.o .p .  d e f .
3,015 cm-1
3,010 cm-1
1,660 cm 
1,665 cm
-1
-1
990 cm-1
840 cm- 1
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*>) C b) C
H—  C — N02 H---- C — N02
<!
VN02 asym. 1,560 cm"1 vN02 asym.- 1,562 cm"1
VN02 sym. 1,360 cm"1 vN02 sym. 1,364 cm"1
VON bend 872 cm"1 vON bend 870 cm"1
CH CH.| 3 I 3
c) C—s—C— N0o c) C— C— N0„
I z I z
C C
VN02- asym. 1,545 cm 1 v^ 2 1,555 cm 1
vN02 sym. 1,355 cm 1 vN02 sym. 1,355 cm 1
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b) Products  of the re a c t io n  of humulene n i t r o s i t e  with 
NO^  which a re  in so lub le  in  p e t ,e th e r
A comparison of the n .m .r .  and in f r a - r e d  sp ec tra  of 
the  sp ec ie s  which p re c ip i ta te d  from p e t . e t h e r ,  w ith  the correspon­
ding s p e c tra  o f  humulene n i t r o s i t e ,  in d ica ted  th a t  the spec ies  formed
by the replacement of the  n i t ro so  group by NO^, followed by a
• .
subsequent f u r th e r  a d d it io n  of NC  ^ and 0N02 over the remaining
double bonds. The species re ta in ed  on average four protons in
1the e th y le n ic  reg ion  of the H n .m .r ,  spectrum, and showed no signs
of having formed by a process involving c y c l i s a t io n .  An elem ental
a n a ly s is  of the p r e c ip i t a t e  gave the composition as 46.3%C, 6.62%H
and 12.9%N, in d ic a t in g  th a t  on average the em pirica l formula i s
C .CH_.N 0o . This m a te r ia l  was chromatographed using s i l i c a  
13 3 . 7  o*3
p l a t e s ,  w ith  e th e r :  p e t . e t h e r ,  (60:40) as so lv en t .  Three major 
product bands were p re sen t  a t  R_ = 0 .24 , 0 .33 , and 0 .44 , bu t
each contained  a mixture of d e r iv a t iv e s .  C ry s ta l l i s in g  the 
components of Rf = 0 .24 , and 0 .44, from hot e thano l,  y ie lded
I  •
small amounts of pure c r y s t a l l i n e  sp ec ie s .  Figure 5 .4  shows the 
n .m . r . ,  and in f r a - r e d  sp ec tra  of the c ry s ta l s  obtained from 
the band of Rf  = 0 .24 , and f ig u re  5.5 shows the n .m . r . ,  andX •
i n f r a - r e d  s p e c tra  of the c ry s ta l s  obtained from the band of R  ^ = 0.44. 
A comparison of these  sp ec tra  w ith  the corresponding sp ec tra  of the 
p a ren t  molecule, humulene n i t r o s i t e ,  ind ica ted  th a t  the  species  
had the re sp e c t iv e  s t ru c tu re s  (38) and (39). The p e r t in e n t  da ta  
ob ta ined  from the n .m .r .  and in f r a - r e d  sp e c tra  of spec ies  (38) and 
(39) are  summarised in  ta b le s  5 .3 , 5 .4 , 5 . 5 , and 5.6, re s p e c t iv e ly .
192
i  1 r
(A)
jJL J . X XX
9 T
i—r~i—i—i—i i 1--------- 1--------- 1--------- 1--------- 1---------1--------- 1--------- 1--------- 1---------1
i t * «__i__i
3000 ■
(B)
JI
1800 1600 1400 1200 1000 800 cm-1
Figure 5 .4  (A) The n .m .r .  spectrum recorded in  a ODCl  ^ so lu t io n  in
the t range 4 to  9, and (B) the in f r a - r e d  spectrum recorded
in  a KBr d isc  in the range 3,200-800 cm  ^ of the component
of R- = 0 .2 4 ,namely (38), i s o la te d  from the product of the 1 •
re a c t io n  of humulene n i t r o s i t e  (17) w ith  NO^.
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 r i  1 r
(A)
J_______ L.
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I—I—I—I—I—I I 1---------1---------1--------- 1--------- 1--------- 1---------1--------- 1---------1---------1
I ! t » «__I
3000
(B)
L
1800 1600 1400 1200 1000 800 cm-1
Figure  5 .5  (A) The n .m .r .  spectrum recorded in  a CDCl  ^ so lu t io n
in  the T  range 4 to 9, and (B) the in f r a - r e d  spectrum 
recorded in  a KBr d isc  in  the range 3,200-800 cm  ^ of the 
component of R.. = 0 .44 , namely (39), i s o la te d  from the
JZ •
product of the re a c t io n  of humulene n i t r o s i t e  (17) with
N02-
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T a b le  5 . 3
a)
P e r t i n e n t  d a t a  from  t h e  H n . m . r .  s p e c tr u m  o f  compound (3 8 )
10J
1 4
(38)
1 3
™ 3 “ XC
12
r 3
I  = 3H. 
I  = 3H.
S t = 8.82 ,
S t  = 8.72 ,
The CH^  ^12 * ies ad jacen t to  the n i t r o  group on
and i s  s h i f t e d  to  lower f i e l d .
b)
1 5
9c - 8c - no2 and
1 4
H\  / ® 3
c — c
4 V c
5
S T  = 8 .1 0 ,  I  = 3H and S T = 8 .15 , I  = 3H
c) •NO,
e f 2
Doublet T = 5.10 , I  = 1H.
The underlined proton should be the 
X p a r t  of an ABX system, bu t i t  i s  coupling to  only one pro ton . The 
pro ton  on C? of humulene n i t r o s i t e  (17) and the proton on C7 of
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n it ro -n i t ra to -h u m u le n e  (26) a lso  coupled to only one of the 
p ro tons  on Cg .
H \  CH
d) N ?  4 /  3 The underlined  pro ton  i s
2 /  ------------  V 5— £}-| \  the X p a r t  of an ABX system,
M u lt ip le t  t  = 4 .8 3 ,  I  = 1H. J  = 5.8Hz. J  = 3Hz.
AX BX
Hs, 
n f l X  9
. ON A  -CH
*’ _  in  1 2
1 A  2
Y
Hy Doublet T = 4.31, I  = 1H, J<lHz*
H 1 :2 :1  t r i p l e t  I  = 4 .32, I  =1H J  = 6.0Hz, shows a smallX
a d d i t io n a l  coupling to  Ry of <lHz,
H
Ifv? X  9
ON > ° C  CH
f)  \ 2 $ / \
- c — c n o  \ r  2
! 2 I '
t5) I CH
Y 3
Doublet T = 7 .2 5 , I  = 2H, J  = 6.0Hz.
The n i t r o  groups on Cg and C1Q l i e  symmetrically on e i t h e r  s ide  
of the  CH2  group and the protons have almost id e n t ic a l  chemical 
s h i f t s .
g) The remaining CH2 resonances were d i f f i c u l t  to  analyse .
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T a b le  5 . A
Pejrt i- ften t  d a t a  from  th e  i n f r a - r e d  s p e c tr u m  o f  compound (3 8 )
NO 
J 2
(38)
a)
H\
R
-VC-H str. 
VC=C str. 
Vo.o.p. def.
/ ® 3
/■ \ R
3,010 cm-1
1,660 cm-1
850 cm-1
b)
H*
C
c- no2
c
VNO2  asym.
VNO2  sym.
1,550 cm 
1,557 cm 
1,560 cm 
1,355 cm 
1,360 cm 
1,365 cm
c)
C — C— NO, VNO^  asym. 
VNO2 s y m .
1,540 cm- 1
1,347 cm- 1
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T a b le  5 . 5
P e r t i n e n t  d a t a  from  t h e  H n . m . r .  s p e c tr u m  o f  compound ( 3 9 )
a)
1 3
12CH­
I - 3
ONO
(39)
S x = 8.88
S T = 8.84
I  = 3H 
I  = 3H
b) H
14
/ C«3
:C
4 \ c
5
S t  = 8.23 I  = 3H
c)
15
CH
1-3
9C 8? ^ 2 S T = 8.01 I  = 3H17c
d)
8 !
The underlined  proton i s  the  X p a r t  of an
h_ c - no2 ABX system. M u lt ip le t  T 5 .06. I  = 1H
6 ^ 2 J . „  = 6.0Hz. J  = 2Hz. . AX BA
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The underlined  proton is  the X 
p a r t  of an ABX system.
M u lt ip le t  T = 5.41 I = 1H. 
= 6.0Hz., = 2.8Hz.
Y
IL. Doublet T  = 4 .3 7 ,  I  = 1H, J<lHz.
1 :2 :1  t r i p l e t  t = 4 . 4 ,  I  = 1H, J  = 6Hz. shows a small 
a d d i t io n a l  coupling to  of<lHz.
H
8) v x
Doublet t  = 7.23 » I  = 2H , J  = 6Hz.
The n i t r o  groups on CQ and C._ l i e  symmetrically on e i th e r  s ideo 10
of the CH^  group and the p ro tons have almost id e n t ic a l  chemical s h i f t s .
h) The remaining CH^  resonances were d i f f i c u l t  to analyse.
i )  A dditiona l resonances a re  p re sen t  in  the  T regions 6.7 to  7.15 
and 4 .2  to  4 .4 .  These may a r i s e  from the presence of small 
amounts of spec ies  isomeric to s t ru c tu re  (-39).
e) Hx  CH
- \ 3 4 /  3
C--— C
3CH2 \ $
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T a b le  5 . 6
The p e r t i n e n t  d a t a  from  t h e  i n f r a - r e d  s p e c t r u m  o f  compound (3 9 )
0 N 0
(39)
a) H , ch3 
C1= srC
N ,
VC-H s t r . 3,010 -1cm
VC=C s t r . —
v o .o .p .  d e f . 842 -1cm
b) c
1
H—  C-—N0o 
1 2 vN02 asym.
1,560 -1cm
c 1,570 -1cm
vN02 sym. 1,370
1,375
-1cm
-1cm
c) c
1
C----C— N0o
I Z
VN02 asym. 1,545 -1cm
Ic VN02 sym. 1,350 -1cm
d) R-0N02 VN02 asym. 1,646 -1cm
VN02 sym. 1,290 -1cm
VNO s t r . 860 -1cm
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5 ’ . 2 1 Spectroscopic  data  obtained from the compounds 
(41), (40) and (44-46)
a) Component (41)
Table 5.7
P e r t i n e n t  d a ta  from the n .m .r .  spectrum of compound (41)
1 512
1 3
a)
1 3
%■
12
r 3
(41)
S t = 8.88 I  = 6H
b) H.
C = C  S t  = 8.25 I  = 3H
/ 3 4 \
R CH14—3 shows a small coupling of J<lHz,
15
c> 8<J
H ~ C — NO
6 ch2
M u ltip le t  T = 5.25 I  = IB.
This p ro ton  i s  the X p a r t  of an ABX system 
and the spectrum has the follox^ing appearance.
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d) E thy len ic  pro tons
i s  the  X p a r t  of an ABXY system. The spectrum c o n s is t s  of 
8 peaks w ith  the  fo llow ing i n t e n s i t i e s .
T = 4.83 I  = 1H
JyX * 16.5Hz.
\  J XA = 8Hz.
ny Doublet t = 4. 5,, I  = 1H = 16.5Hz.
1 :2 :1  t r i p l e t  T = 4 . 6 2  I  = 1H 
J  = 4.5Hz.
Two peaks a re  p re sen t  
a t  T = 4.70 I  = 1H
and T = 4.77 I  = 1H
Each shows a small coupling of J<lHz.
3> ^  / I
A
n h
2) zch . /
CH,
4 \H ^  £CH,
I
; ; ; I
J XB ~ 4 HZ*
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H H
e) lX lA 8 peaks a re  observed fo r
I n  \  T - 7 . 0 ,  X - 1 H .
Cv  Hn sC — CH JB s>- —  Ln JAB = 1,4.0Hz. = 6.0Hz,
J AY = 1Hz-
8 peaks a re  observed fo r  H T = 7.18 , I  = 1H .O
JAB = U -0HZ- J BX " 7HZ‘ J BY = 1HZ-
f)  The CH^  reg ion  of the spectrum i s  d i f f i c u l t  to  analyse,
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T a b le  5 . 8
P e r t i n e n t  d a t a  from  t h e  i n f r a - r e d  s p e c tr u m  o f  compound (4 1 )
a) E thy len ic  groups
1) R ^  H
/ C = C \H n R
VC-H s t r . 3,015 cm-1
3,010 cm-1
(41)
R\  / Hand
vC=C str. 1,657 cm 
1,665 cm
-1
-1
R\  / “C = C
. /  N ,
Vo.o.p. d e f .  975 cm-1
\  /  
, / c = c \
Vo.o.p. d ef .
H
845 cm-1
2) R. H
C = C
N ,
VC-H s t r .  
VC=C s t r .  
v o .o .p .  d e f .
3,082 cm-1
1,635 cm-1
915 cm-1
b) C
H C----NO,
I
C
VNO2  asym. 
VNO^  sym.
1,550 cm-1
1,360 cm-1
-1VC-N bend 865 cm
These abso rp tions  a re  c h a r a c t e r i s t i c  of a n i t r o  group a ttached  
to  a secondary carbon atom.
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c) CH,
CH  i —3 I
Vsym.def. 1,380 -1cm
Vasym s tr. 2,960 -1cm V skeletal 1,365 -1cm
Vsym. str. 2,860 -1cm V skeletal 1,170 -1cm
vasym* def. 'v 1,445 -1cm V skeletal 810 -1cm
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T a b le  5 . 9
A comparison of the main peaks in  the mass sp ec tra  of compound 
(41) , and humulene n i t r o s i t e
Humulene n i t r o s i t e  mass = 230(41) mass = 249
279 ] very  small
265 1 amounts of
256 ) im p u r i t ie s NO pa ren t ion
249 P aren t species 250 lo ss  of NO
233 loss  of 0
217 lo ss  of 0 2 220 lo ss  of ^ 0  ^
203 lo ss  of NO^ 203 lo ss  of N20^+
189 189
175 . 175, 177
159, 161 161
147 147
133, 135 133, 135
119, 121 121
107 105, 107
93, 95 91, 93
78 77, 79
69 65
55 53
43 41
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b) Component (40)
T a b le  5 . 1 0
P e r t in e n t  d a ta  from the n .m .r .  spectrum of compound 1 4 0 )
a)
12
1 3
CH
*i"3 n  T 2
2C— C
—  C —
10
1 3
(40)
S T  = 8.87
S t = 8.66
I  = 3H 
I = 3H
The proxim ity  of the protons on C ^ to  the r in g  c u rre n ts  of the 
n i t r o  group have caused a displacement of t h i s  resonance to  lower 
f i e l d .
b) % 3
^ C = C .  
c 8> JC
S t  = 8.27 I  = 3H
shows a small coupling of J<lHz,
c) M u lt ip le t  t = 4 . 3 9  I  = 3H. 
The underlined proton i s  the  X p a r t  
of an ABX system. I t s  spectrum has 
the fo llowing appearance.
“ 3
H - C  — N02
& 2
J  = 7.5Hz.'f J BV = 4Hz. There is .  a small coupling of <lHz.
A A  d a
perhaps to the proton on C^.
NO H 207
2 I Z
H lo ,!._ _ _ _ _
a>' IA  V /■c— c c M u lt ip le t  t  = 4.59 I = 1H,
x
gC The resonance of i s  s p l i t  in to  
| double ts  by in te r a c t io n  w ith  H
and then f u r th e r  s p l i t  in to  double ts  by in te r a c t io n  w ith  H ,A
^XZ = 9Hz* J XA = 7Hz#
e) E th y len ic  p ro tons
NO H
4 — ?
/ i
Hx I
H , doub le t  T  = 5 .55 , I  = 1H , J  = 9Hz.
& ZX
A small A dditional s p l i t t i n g  of < lH z.is  a lso  p re s e n t .  This may
be due to  a weak in te r a c t io n  w ith  the p ro ton  on C^.
2) . / "  S T  = 4.94 I  = 2H
C ——-C
/ 4  1 4 v  Small s p l i t t i n g  J<lHz.
/  H
f) The remaining resonances are  d i f f i c u l t  to analyse . In
the T  reg ion  7.36 to 7.94 th e re  a re  four p ro tons . These 
a re  probably the a l l y l i c  and the two pro tons on the
cyclobutane r in g .  The x reg ion  7.96 to 8.48 in te g ra te s  
as seven p ro tons , and these  are probably the a l l y l i c  methyl, 
and the  remaining two groups.
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T a b le  5 . 1 1
P e r t i n e n t  d a t a  from  t h e  i n f r a - r e d  s p e c tr u m  o f  compound (4 0 )
a)
1)
H
\  / RC = C
VC-H s t r .  
vC=C s t r .  
v o .o .p .  d e f ,
CH.
(40)
3,010 cm-1
1,665 cm-1
840 cm-1
2) / c = ch2
VC-H s t r .  
VC=C s t r .  
Vo.o.p. d e f .
3,080 cm-1
1,630 cm-1
900 cm-1
b) H ■NO. There a re  two s e t s  of absorp tions
i
c h a r a c t e r i s t i c  of a n i t r o  group 
a t tach ed  to  a secondary carbon atom.
VNO^  asym. 1,550 cm * and 1,550 cm ^
VNO^  sym. 
VC-N bend
1,360 cm  ^ and 1,370 cm ^
865 cm-1 and 865 cm-1
C )  C H 3
C H „  C - - - - - - -
J | Vsym. de f.  1,390 cm
Vasym. s t r .  2,960 cm  ^ V s k e le ta l  1,180 cm
Vsym. s t r .  2,865 cm  ^ V s k e le ta l  805 cm
Vasym. def.  -  1,450 cm ^
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c) Coinponents (44) , (45), and (46)
Table 5.12
The main peaks p re sen t  in  the  mass spectrum of the diamagnetic 
m a te r ia l  p o s tu la ted  to  co n ta in  compounds (44 -  46)
(44) (45) (46)
Mass = 310
Peaks observed 
310
293 lo ss  of OH 233
278 lo ss  of 02 218 loss  of
264 lo ss  of N02 202 loss  of
247 lo ss  of N02+ OH
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CHAPTER 6
AN EXAMINATION OF THE MECHANISMS GOVERNING 
THE PRODUCTION OF THE DIAMAGNETIC SPECIES 
OBSERVED WHEN HUMULENE NITROSITE IS 
IRRADIATED WITH RED LIGHT 
In  the  i n i t i a l  in v e s t ig a t io n s  in to  the photochemistry 
of humulene n i t r o s i t e  described  in  chap ter  2 , the major diamag­
n e t i c  sp ec ie s  formed on i r r a d i a t i n g  humulene n i t r o s i t e  w ith  red 
l i g h t  were i s o la t e d .  One of the products was c h a ra c te r is e d  as 
d in itro -hum ulene  (24), the s t ru c tu re s  of the  o ther spec ies  p re sen t  
were no t however determined, and the mechanism involved in  th e i r  
form ation was no t  understood. At th i s  p o in t  the study of these  
diamagnetic spec ies  was shelved , in  favour of pursuing the in v e s t ­
ig a t io n  in  the  fo llowing two a reas .
1) F i r s t  the  mechanisms governing the production of the 
paramagnetic spec ies  observed, when humulene n i t r o s i t e
i s  i r r a d i a t e d  w ith  red l ig h t  were determined. This work 
i s  summarised in  f ig u re s  2 .7 ,  4 .4 , and 4 .6 .
2) Second the re a c t io n s  of humulene n i t r o s i t e  w ith  * ^ 3  ™ere 
s tud ied  and are summarised in  f ig u re  S . l .
The mechanism by which the paramagnetic species  form 
when humulene n i t r o s i t e  i s  i r r a d ia te d  w ith red l i g h t ,  see f ig u re  
2 . 7 ,  leads to  the evo lu tion  of NO and The p o s s i b i l i t y
th e re fo re  e x is te d ,  th a t  the diamagnetic species  observed when 
humulene n i t r o s i t e  i s  i r r a d ia te d  w ith  red l ig h t  form by the i n t e r ­
a c t io n  of the  oxides of n i tro g en  w ith  humulene n i t r o s i t e  in  re a c t io n s  
analogous to  those shown in  f ig u re  S . l .  Before re-examining these
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diam agnetic products  of the i r r a d i a t i o n  of humulene n i t r o s i t e  w ith
red l i g h t  a d e ta i le d  examination of the l i t e r a t u r e  a v a i la b le  on
the p h o to ly s is  of C—n i t r o s o  compounds was undertaken, to determine
i f  any of the reported  p h o to ly s is  mechanisms involved re a c t io n
of the n i t r o s o  compounds w ith  l ib e ra te d  oxides of n i t ro g en .
Various s tu d ie s  in to  the p h o to ly s is  re a c t io n s  of C -n itroso
compounds have shown th a t  the  product d i s t r i b u t i o n  i s  markedly
24-27dependent on whether the so lven t used was p r o t i c ,  or a p ro t ic .
The form ation  of n i t ro x id e  r a d ic a l s  does however appear to be
genera l to  the  p h o to ly s is  of C -n itroso  compounds, being produced
, . i 24-28as shown below.
R—  NO —•— — > R NO* -------- > R + NO 1)
R + R-NO » R£N 0 2)
The n i t r i c  oxide re leased  during the form ation of these
r a d i c a l s ,  has been shown to  fu r th e r  r e a c t ,  both with the unreacted
n i t r o s o  compound,^ 27,111,112 wi t h  the product n i t ro x id e
1 24,25,113,114,115 , . nradicals, producing the complexes shown below.
R2N = 0 + NO —----------- > R2NONO 3)
R -  NO + 2N0  * R-NO-NO 4)
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The complexes shown in  equations 3) and 4) can re a c t  w ith  
p r o t i c  so lv en ts ,  producing n i t r o n e s ,  oximes, and n i t r a t e d  so lven t
O  /  O C  0 * 7  1 1 ^
m olecu les. * * ’ Schemes fo r  the  p h o to ly s is  of gem -substi tu ted
a l i p h a t i c  n i t r o s o  compounds RR’ CXNO, where X = C l,B r, N02» OA^ ,
and CN, in  j p r o t i c  so lven ts  such as methanol, have been published
24-27
by Gowenlock, Kresze, and Pfab.
This so lv a t io n  re a c t io n  in  p ro t i c  so lven ts  bears  no 
re levance  to  the  p resen t  s tu d ie s ,  as both the  i r r a d i a t i o n s  
of humulene n i t r o s i t e  w ith  red l i g h t ,  and the re a c t io n s  of humulene
n i t r o s i t e  w ith  ^ 0 ’^  were performed, e i th e r  in  the s o l id  s t a t e ,  
or in  the a p ro tic .  so lven t chloroform, from which a l l  t ra c e s  of 
e thano l had been removed. The complex shown in  equation 4 ) ,  can 
r e a d i ly  rearrange  to the diazoniura s a l t  as shown below.
r— sono -------------- ,  R— n= % no2 5>
NO
This diazonium s a l t  r e a d i ly  decomposes, and many workers
have demonstrated the evo lu tion  of N£, c o n s is te n t  with such a
. . . 24,25,27,111,112 . , . „. . • .decomposition, during the i r r a d i a t i o n  of n i t r o s o
compounds. One observation  of d i r e c t  re levance  to  the p re sen t
s tu d ie s ,  being th a t  caryophyllene n i t r o s i t e ,  on i r r a d i a t i o n  w ith
red  l i g h t ,  evolves gaseous p roduc ts ,  the n i tro g en  con ta in ing  comp-
76onents having the composition 86.1% and 13.9%
This observation  of a diazonium n i t r a t e  d e r iv a t iv e  formed
on i r r a d i a t i n g  C -n itroso  compounds, i s  d i r e c t l y  analogous to  the
re a c t io n  of humulene n i t r o s i t e  w ith  No0^j in  the dark , which a lso
involves a diazonium in te rm ed ia te .  No re le v a n t  inform ation  is
a v a i la b le  on the product d i s t r i b u t io n  obtained from the p h o to ly s is
re a c t io n s  of n i t r o s o  compounds in  which the n i t r o s o  group i s
a ttach ed  to  a carbon con ta in ing  no o ther fu n c t io n a l  groups,
(RR’R"CN0, R,Rf ,R" = a lk y l ) .  S tudies  of the p h o to ly s is  of 2
n i t r o —2nitroso -p ropane , 1 c h lo rc -  1 n i t ro s o —cyclohaxane arid o th e r
geminal — chloro—n i t r o s o —compounds, and f i n a l l y  1 cyano- 1 n i t r o s o -
24-27cyclohexane, by Gowenlock, Kresze, and Pfab, have shown th a t
these  i r r a d i a t i o n s  do not proceed by the mechanisms repo rted  in  
e a r l i e r  s tu d ie s ,  which were r e s p e c t iv e ly ,  pho to -ox idation  and 
e l im in a t io n  of HNO*17 by C -C l borid f i s s io n ,  w ith  the  e lim in a tio n  
of HC1, o r  by C-CN bond f i s s io n  w ith  e l im in a tio n  of HCN, but 
in s te a d ,  the  product d i s t r i b u t io n  i s  c o n s is te n t  with the re a c t io n  
scheme shown below.
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X = N02 , C l, or CN.
R2 C— NO-------- ■---------------- —  » R2 C— N— N— 0N02 6)
X X
R\
R9 C —  N — N 0 N 0  > . C = c v + N0 + HNO 7)z I z ✓ ■ v  2 3
X R X
R2 C— N=*N— 0N02  » R2 C* + N2 + NO* 8)
X X
R2 C* + NO* .  > R2 C— 0N02 9)
R  ^ C* + no ;   > Rn C —  NO„ + R«C— ONO 10)2 I 2 : 2 j 2 2
NO* + no;  1 =  No0.3 2 4
This scheme i s  analogous to  th a t  shovm in  f ig u re  S . l ;
i l l u s t r a t i n g  the re a c t io n  of humulene n i t r o s i t e  w ith  ^ O ^ .  The
i r r a d i a t i o n  of the  compounds RRfC —  NO, a lso  produces diamagnetic
X
2 A 23 27products  by mechanisms involv ing  the a b s t r a c t io n  of the group X, * *
such' products have no p a r t i c u l a r  re levance to  the p h o to ly s is  of 
humulene n i t r o s i t e .
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Having observed from the a v a i la b le  l i t e r a t u r e ,  th a t  
C -n itro so  compounds can on p h o to ly s is  r e a c t  w ith  l ib e ra te d  NO, the 
diam agnetic  spec ies  formed on i r r a d i a t i n g  humulene n i t r o s i t e  were 
re-exam ined, to  determine i f  a s im ila r  mechanism was in  o p e ra t io n .  
In  a d d i t io n  to the reac t io n s  in  the p h o to ly s is  scheme proposed by 
Gowenlock, humulene n i t r o s i t e  when i r r a d ia te d  might produce 
spec ies  by a process of t ransannu la r  c y c l i s a t io n ,  s im ila r  to  those 
observed in  the products obtained from the re a c t io n  of humulene 
n i t r o s i t e  with in  the dark.
6.1  C h a rac te r is a t io n  of the diamagnetic spec ies  formed on 
i r r a d i a t i n g  humulene n i t r o s i t e  w ith  red l ig h t
Humulene n i t r o s i t e ,  when c r y s t a l l i s e d  ra p id ly  from 
e th a n o l ,  produces needle shaped c r y s t a l s ,  ra.pt. = 118 ± 1°C. I f  
however, the  c r y s t a l l i s a t i o n  is  allowed to  proceed very slowly, 
p l a t e l e t s  are a lso  produced. When these  d i f f e r e n t  c r y s ta l  types 
a re  i r r a d ia te d  w ith  red l i g h t ,  the paramagnetic species  observed 
a re  the  same in  each case , th e i r  production  being governed by 
the  mechanisms shown in  f ig u re  2.7.  The diamagnetic spec ies  
produced on i r r a d i a t i n g  the d i f f e r e n t  c r y s ta l  types were however, 
n o t the same.
6 .1 .1  The diamagnetic species observed on i r r a d i a t i n g  needle 
shaped c ry s ta l s  of humulene n i t r o s i t e  w ith  red l i g h t
The diamagnetic species  formed by i r r a d i a t i n g  the needle 
shaped c r y s ta l s  of humulene n i t r o s i t e  w ith  red l i g h t ,  were i s o la te d  
using  the  chromatographic techniques described  in  chapter 2, 
s e c t io n  2 .2 .2 .  The species ob ta ined , were the same as those 
desc ribed  in  chapter 2, namely dinitro-hum ulene (24), and an o i l .
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The value of the  o i l  was 0 .8 ,  when chromatographed on s i l i c a  
p l a t e s ,  us ing  e th e r :  p e t . e t h e r ,  (50 :50), as so lv en t .  This i s  the  
same value  as compounds (41), (42) and (43), i s o la te d  from the 
r e a c t io n  of humulene n i t r o s i t e  w ith  N^O^, as described  in  chapter 
5.
F igure  2.18 shows the n .m .r .  and in f r a - r e d  sp e c tra  
obta ined  from th i s  o i l .  These sp ec tra  were p rev ious ly  d iscussed  in  
appendix 2 s e c t io n  2 ' .2 * .2 * .  ( d ) , a t  which p o in t  i t  was suggested 
th a t  the  o i l  contained a mixture of isomeric compounds con ta in ing  
a s in g le  n i t r o  group a ttached  to  e i th e r  a humulene based s t ru c tu re  
or to  a simple rearrangement of i t .  The n .m .r .  spectrum shown 
in  f ig u r e  2 .18 , was too complex fo r  a meaningful and complete 
a n a ly s is  of a l l  the resonances p re se n t .  The o i l  i s  b e lieved  however 
to  be a mixture of the fo llow ing isomeric s t r u c tu r e s .
(41) (42) (43)
These s t ru c tu re s  are  based on the following observa tions .
1) Comparison of the 1H n .m .r .  spectrum shown in  f ig u re  2.18, w ith
the "ha n .m .r .  spectrum of a pure sample of compound (41),
obtained from the re a c t io n  of humulene n i t r o s i t e  w ith
showed c le a r ly  th a t  a l l  the resonances a sso c ia ted  w ith compound 
(41) were p re sen t  in  the spectrum of the o i l .
2) Comparison of the absorbance of the in f r a - re d  n i t r o  ab so rp tio n s ,
of the  spec ies  p resen t in  the o i l ,  w ith  those of the standard
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humulene and caryophyllene d e r iv a t iv e s  in d ica ted  th a t  one 
n i t r o  group was p re sen t  per molecule.
3) Those resonances in  the n .m .r .  spectrum of the o i l ,  which 
were not a t t r ib u te d  to compound (41), were examined, and 
groups of resonances were found, compatible with the fo llowing 
s t r u c tu r e s ,  which are  p resen t in  compounds (42) and (43).
a) The T reg ion  8.6 to 8.88 contained a t  l e a s t  four resonances 
a t t r i b u t a b l e  to  gem-dimethyl s t r u c tu r e s .
b) The T reg ion  8.2 to 8.4 contained f iv e  methyl resonances
thought to  be a H y l i c  methyls.
c) The T reg ion  3.92 to 5.69 i s  very complex, bu t appears to
be c o n s is te n t  w ith  the presence of the fo llowing s t r u c tu r e s .
H I  H
1 1 // C  — CH0-  /,C  —  Cv
V  1 ' y  rc — c c — c '  9
* 1H H
''C=*C H — C— NO
/  \
-CH CH
2
The resonances are so c lo se ly  spaced th a t  i t  i s  not 
p o s s ib le  to  ass ign  them with any degree of c e r t a in ty ,  bu t some 
assignm ents, c o n s is te n t  with the s t ru c tu re s  shown above a re  d e ta i le d  
in  appendix 6, sec t io n  6 , . l* .
d) Several groups of resonances overlap in  the T reg ion  6.94
to  7,.24, and these  may be due to  s t ru c tu re s  based on the fo llowing 
u n i t .
y C —  CH0 C v
C C
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4) The in f r a - r e d  spectrum of the o i l  shows a widening of the 
abso rp tions  a ssoc ia ted  w ith  the following groups.
R\  / H H\  / R I
. C==C\  2) C=*=c 3) H— C —  NO
H ^ R  R ^  \ c H 3 I
Absorptions are  a lso  p re sen t  a t  1,52.0 cm” and 1 ,330 cm-1 
and have been assigned to the asymmetric, and symmetric 
ab so rp tions  of a conjugated n i t r o  spec ie s .  The p e r t in e n t  
d a ta  obtained from the in f r a - re d  spectrum of the o i l  a re  
summarised in  ta b le  6 .1 , appendix 6.
6 .1 .2  The mechanism involved in  the production of the diamagnetic 
spec ies  observed when needle l ik e  c ry s ta l s  of humulene 
n i t r o s i t e  are  i r r a d ia te d  with red l ig h t
Figure 6.1 shows a m echanistic  flow c h a r t  p o s tu la ted  to 
e x p la in  the form ation of the diamagnetic species  observed when 
need le  shaped c ry s ta l s  of humulene n i t r o s i t e  are  i r r a d ia te d  w ith  red 
l i g h t .  The mechanism is  analogous to  the schemes proposed by 
Gowenlock,. and co-workers, and involves the p h o to ly t ic  cleavage of 
the C-N bond of the n i t ro so  group, the NO re leased  a t ta c k in g  
humulene n i t r o s i t e  and forming the diazonium complex (37) which 
decomposes w ith the evo lu tion  of to the a l ip h a t i c  r a d ic a l  (18). 
This a l i p h a t i c  r a d ic a l  (18) i s  s ta b a l is e d  in  the fo llowing th ree  ways
1) F i r s t ,  0N02 can a b s t r a c t  a proton from (18) forming compounds
(41) , (42) or (43) and n i t r i c  ac id .
2) Second, N0£ can add to  (18), producing dinitro-hum ulene (24).
3) In  i t s  l a s t  mode of behaviour (18) re a c ts  w ith  humulene
n i t r o s i t e ,  forming the d iastereom eric  n i t ro x id e  r a d ic a l s  1^,
and I  , of s t ru c tu re  (19).B

219
This ph o to ly s is  scheme i s  e s s e n t i a l ly  id e n t i c a l  to  the
re a c t io n s  of humulene n i t r o s i t e  in an a p ro t ic  so lv en t ,  w ith NO2 3
in  the dark . In  n e i th e r  case does the 0N02 r a d ic a l  d i r e c t ly  add 
to  a l i p h a t i c  r a d ic a l  (18) producing n i t ro -n itra to -h u m u len e  (26), 
p r e f e r r in g  to a b s t r a c t  a proton and form compounds (41) , (42), (43) 
and n i t r i c  ac id .  One s ig n i f ic a n t  d if fe ren ce  between the two 
r e a c t io n s ,  was th a t  when the needle shaped c ry s ta l s  of humulene 
n i t r o s i t e  were i r r a d ia te d  w ith  red l i g h t ,  none of the products  
observed had formed by a mechanism involving a tran san n u la r  
c y c l i s a t io n  of the  r in g ,  of the type p o s tu la ted  to  account fo r  
compounds (40), (44), (45), and (46), observed when humulene 
n i t r o s i t e  was reac ted  in  the dark w ith  in  an a p ro t ic  so lv en t .
I t  i s  p o s s ib le  th a t  the conformation of the humulene n i t r o s i t e  
m olecules w ith in  the needle shaped c ry s ta ls  i s  not s u i ta b le  fo r  
such a t ran san n u la r  c y c l i s a t io n .  A l te rn a t iv e ly  spec ies  may have 
formed by a p rocess of transannu lar  c y c l i s a t io n ,  and then isomerised 
as shown in  f ig u re  6.2 to s t ru c tu re s  (54), ( 5 5 ) ,and (56). I f  
small amounts of these species were p re sen t  in  the o i l  = 0 .8 ,  
co n ta in in g  compounds (41), (42), and (43), then i t  would be very 
d i f f i c u l t  to  d e te c t  th e i r  presence.
6 .1 ,3  The diamagnetic species  observed on i r r a d i a t i n g
p l a t e l e t s  of humulene n i t r o s i t e  with red l ig h t
When the products obtained by i r r a d i a t i n g  p l a t e l e t s
of humulene n i t r o s i t e  w ith  red l i g h t ,  were chromatographed on s i l i c a
p l a t e s ,  u s ing  e th e r :  p e t . e th e r  (50:50) as so lv en t ,  only a small amount
of d in itro-hum ulene  (24) was observed, the main components being
an o i l  of R = 0 .8 ,  and th ree  p rev ious ly  unobserved bands of products 
f .
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a t  ~ 0 .15 , 0 .2 ,  and 0 .3 .  The n .m .r .  and in f r a - r e d
s p e c t ra  obtained from the m a te r ia ls  whose R values  are 0 .1 5 ,i. •
and 0 . 2 , re s p e c t iv e ly  are shown in  f ig u re s  6.3 and 6 .4 . A f u l l  
a n a ly s is  of these  sp ec tra  was not p o ss ib le  because of t h e i r  
com plexity , sev e ra l  compounds of a s im ila r  type being p re sen t  
in  each band. Attempts to fu r th e r  p u r ify  these  m a te r ia ls  and 
i s o l a t e  in d iv id u a l  species  were unsuccessfu l.
The change in  the diamagnetic product d i s t r i b u t io n  
when p l a t e l e t s  of humulene n i t r o s i t e ,  r a th e r  than needle shaped 
c r y s t a l s ,  were i r r a d ia te d  w ith red l i g h t ,  was f e l t  to be a 
fu n c t io n  of the conformations of the humulene n i t r o s i t e  molecules 
w ith in  the two c r y s ta l  systems. I f  the conformation of the 
molecules in  the  p l a t e l e t s  i s  such th a t  t ran san n u la r  c y c l i s a t io n  
of the humulene based r in g  i s  able to take p lace  then the decrease 
in  the y ie ld  of dinitro-hum ulene (24) , and the appearance of 
new d e r iv a t iv e s  are  explained . The components of value 
0 .1 5 , 0 .2 ,  0 .3 ,  and 0 .8 ,  were th e re fo re  examined to  determine i f  
the s t r u c tu r e s  p re sen t  r e s u l te d  from transannu la r  c y c l i s a t io n .
Figure 6.5 i l l u s t r a t e s  the mechanism be lieved  to operate  
when p l a t e l e t s  of humulene n i t r o s i t e  are  i r r a d ia te d  w ith  red l i g h t .  
I t  in co rp o ra te s  a l l  the processes involved in  the  i r r a d i a t i o n  of 
the  needle  shaped c r y s ta l s  of humulene n i t r o s i t e ,  see f ig u re  6 .1 , 
the  a l i p h a t i c  r a d ic a l  (18), formed by the a t ta c k  of n i t r i c  oxide 
a t  humulene n i t r o s i t e  being s t a b i l i s e d  in  the th ree  ways p rev ious ly  
d e sc r ib e d .  In  the p l a t e l e t  c r y s t a l s ,  however, th i s  a l ip h a t i c  
r a d ic a l  (18) can undergo a transannu la r  c y c l i s a t io n  producing 
the  a l i p h a t i c  r a d ic a l  (49). This r a d ic a l  (49) can r e a c t  fu r th e r  
in  the  fo llowing th ree  ways.
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F igure  6.3 The n .m .r .  sp ec tra  recorded in  CDCl^ so lu t io n s  in  the T
range 4 to 10 of (A) the components of R = 0.15 and (B) the 
components of = 0 .2  i s o la te d  from the product of p l a t e l e t  
c r y s ta l s  of humulene n i t r o s i t e  i r r a d ia te d  with red l i g h t .
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Figure 6 .4  The in f r a - r e d  spec tra  recorded in  KBr d iscs  in  the range 
3,200-^800 cm * of (A) the components of = 0 . 1 5 ,  and 
(B) the  components of R, = 0 . 2 ,  i s o la te d  from the product 
of p l a t e l e t  c ry s ta l s  of humulene n i t r o s i t e  (17) i r r a d ia te d  
w ith  red  l i g h t .
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1) F i r s t  r a d ic a l  (49) , can be s t a b i l i s e d  by the a d d it io n  of
© 2  or ^ 2 *  ^orm^n8 compounds (52) and (60) re s p e c t iv e ly .
2) A l te rn a t iv e ly  the ONO^  r a d ic a l  can a b s t r a c t  a p ro ton ,
forming the  isom ers(50) and (53).
3) F in a l ly  the c y c l i s a t io n ,  by moving the unpaired e le c t ro n
out onto a cc e ss ib le  p a r t s  of the molecule, may induce 
f u r th e r  re a c t io n s  with the I T systems of neighbouring 
m olecules.
The products formed by such c y c l i s a t io n s  (50), (52),
(53) ,  and (60) , con ta in  cyclopropyl r in g s .  No species  con ta in ­
ing cyclopr.opyl r in g s  have been d i r e c t ly  d e tec ted .  However, 
s ev e ra l  products  which appear to  have been derived from them 
have been observed as shown in  f ig u re  6 .5 .
The components of Rf = 0 , 8
The n.m .r. spectrum of the  products of = 0 .8 ,  
ob ta ined  from the p h o to ly s is  of the p l a t e l e t s ,  con tains  a l l  the  
resonances a sso c ia ted  w ith  compounds (41), (42), and (43), which 
were a lso  observed when the needle c ry s ta l s  were i r r a d ia te d ,  
and i t  a lso  con ta ins  many more resonances be s id e s .  The a d d i t io n a l  
resonances in d ic a te  the presence of s t ru c tu re s  con tain ing  
exomethylene groups and a l l y l i c  m ethyls, and the in f r a - re d  
spectrum a lso  in d ic a te s  the  presence of these  a d d i t io n a l  s t ru c tu re s .  
The a d d i t io n a l  species  a re  probably isomers (54-56), and (57-59), 
formed by an isom erisa tion  of the c y c l ise d ,  cyclopropyl compounds 
(50),and (53).
The components of = 0 .1 5 ,  0 ,2 ,  and 0 . 3 .
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The compounds (52) and (60), formed by transannu la r  
c y c l i s a t i o n ,  would re a d i ly  r e a c t  with NC>2 or 0N02 r e s u l t in g  in  
the  cyclopropyl r in g  being opened, thereby producing a s e r ie s  
of compounds with s t ru c tu re s  s im ila r  to (61-66) as shown in  
f ig u r e  6 .5 .  There are  a la rg e  number of p o ss ib le  sequencies and 
geom etries in  which the oxides of n itro g en  could add, and numerous 
sp ec ie s  w ith  many s im i l a r i t i e s  in  s t ru c tu re  would r e s u l t .  The 
"^H n .m .r .  and in f r a - r e d  spec tra  of the components of = 0 .1 5  
0 .2  and 0.3 a re  discussed in  appendix 6, sec t io n  6’ . 2 T. They 
in d ic a te  the  presence of cyclopropyl compounds formed by t r a n s ­
annular c y c l i s a t io n ,  which then r e a c t  fu r th e r  w ith  the  oxides of 
n i t ro g e n ,  g iv ing  species  s im ila r  to (61-66). Some of the species  
p re s e n t  in  the  band of R- = 0 . 2  may not have f u l l y  c y c l ise d ,  
and a re  derived  from the re a c t io n  of compounds s im ila r  to  (48) 
w ith  the  oxides of n itro g en . In the re a c t io n  of chloroform 
s o lu t io n s  of humulene n i t r o s i t e  w ith  ^ 0 ^ ,  described  in  chapter 
5, sp ec ie s  (44-46) were observed. These can a lso  be derived 
from the p a r t i a l l y  cyc lised  product (48).
A complete flow ch ar t  o u t l in in g  the p h o to ly s is  re a c t io n s  
of humulene n i t r o s i t e  i s  i l l u s t r a t e d  in  f ig u re  S .2 of the summary. 
The summary a lso  includes a concise account of the mechanisms 
governing the p h o to ly s is  re a c t io n s  of humulene n i t r o s i t e  and i t s  
r e a c t io n s  w ith  the  oxides of n i tro g en .
APPENDIX 6
6 , .l*  In te r p r e ta t io n  of the spectroscopic  da ta  fo r  the 
components of K^ . = 0 .8 ,  obtained by i r r a d ia t in g
the needle •- l ik e  c ry s ta ls  of humulene n i t r o s i t e  
w ith  red l ig h t
need le  -  shaped c ry s ta ls  of humulene n i t r o s i t e  w ith  red l i g h t ,  
and these  were discussed in chapter 6, sec tio n  6 .1 .1 .  A ll 
the  resonances assoc ia ted  with compound (41) are p resen t  in  
the  n .m .r .  spectrum. The assignment of the remaining 
resonances in  the  t  region 3.92 to 5.69, are d iscussed  below, 
and they are  c o n s is te n t  with many of the fu n c tio n a l groups 
p re s e n t  in  compounds (42) and (43).
doub le t  T  = 4.74, = 16Hz. The weighting of the spectrum
sugges ts  th a t  i s  coupling to an u p fie ld  H^ ,.
1
Figure  2.18 shows the H n .m .r. and in f r a - re d  sp ec tra  
of the  components of = 0 . 8 ,  obtained by i r r a d ia t in g  the
«Y
H i s  the  X p a r t  of an ABXY system. -  16Kz.being the s tro n g es t
coup ling . A m u l t ip le t  cons is ting  of 8 peaks with the fo llowing 
i n t e n s i t y  d i s t r ib u t io n  i s  observed a t  r « 5.40, = 16Hz.,
Ey/ doub le t  t = 4.67 J ^ ,  = 17Hz.
The w eigh ting  suggests  th a t  R*  couples to an u p f ie ld  H '+ X
A m u l t ip le t  i s  observed a t  x = 5 .46 , w ith  the fo llow ing 
i n t e n s i t y  d i s t r i b u t io n .
J x/ y. = 17Hz. Jy f z'  = 9HZ*
3) H . /
\
and
•CH, CH,
— C —
H— C — NO. 
I z
CH«
There remains many resonances which can be in te rp re te d  as ABX 
systems and which are  c o n s is te n t  with the s t ru c tu re s  shown above.
T a b l e  6 . 1
P e r t i n e n t  d a t a  from  t h e  i n f r a - r e d  s p e c t r u m  o f  t h e
components of R .^ = 0 .8 ,  obtained by i r r a d ia t in g  the
need le  -  l ik e  c ry s ta l s  of humulene n i t r o s i t e  w ith  
red  l i g h t
a)
1)
(41)
E th y len ic  absorp tions
RV
/ ~ ch2
(42)
vC-H s t r .  
VC=C s t r .  
Vo.o.p. de f .  
overtone
(43)
3,080 cm-1
1,640 cm-1
917 cm
1,835 cm-1
2)
H'
. 0 = 0
H
and
R
\ = c /  
/  \
H
VC-H s t r .  (3,005 -  3 ,020)cm” 1 vC=C s t r .  (1,650 -  1,665) cm 
s e v e ra l  absorp tions  p resen t  sev e ra l  absorptions  p re sen t
-1
R\  / H0 = 0
h /  N
v o .o .p .  d e f .  (975 -  980) cm 
wide absorp tion
- 1
R\  / H
/ c c\R R
-1
V o.o .p .  d e f .  (835 -  845) cm 
s e v e ra l  a b so rp t io n s  a re  p r e s e n t
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b) C \)NO_ asvm. 1 r-m ^y V 02 sy . ,540 c
C 
I
C
H —  —  N 0 „  _ i
 2 . 1,550 cm
VN02 sym. 1,360 cn f1
broad abso rp tion . 
vC-N bend 'u . 865 cm ^
broad s e r ie s  of ab so rp tions .
c) C -=C  - " H02 vN02 asym. 1,520 -1cm
VN02 sym. 1,330 -1cm
d) A l l  the  abso rp tions  a ssoc ia ted  w ith  the  following s t ru c tu re s  
show d u p l ic a t io n s .
ch3 CH3 CH2
CH —  C—  C = - C^ I
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6 *»2T I n t e r p r e t a t i o n  of the sp ec tro sco p ic d a ta  fo r  the 
f r a c t io n s  of R^ . - 0 . 1 5 ,  0 . 2 ,  and 0.3» obtained
by i r r a d i a t i n g  p l a t e l e t s  of humulene n i t r o s i t e  w ith  
red  l i g h t
The component of R. = 0 .1 5X • 1 r_l
F igures 6.3 and 6.4 show the n .m .r .  and in f r a - r e d  
s p e c t ra  of the m a te r ia l  of = 0 .15. Several species  are p resen t  
and the s p e c tra  could no t be completely analysed, however based on 
the observa tions  l i s t e d  below, i t  i s  proposed th a t  e i th e r  s t ru c tu re s  
(61-64) or s im i la r  compounds are p re sen t .
-1) The n .m .r ,  and in f r a - re d  sp ec tra  show no evidence of a 
n i t r o s o  group, or a t ra n s  double bond of s t ru c tu re
R\  / “
^ C H 0 
I 2
2) Absorptions c o n s is te n t  with the following s t r u c tu r a l  u n i t s
• a re  p re sen t  in  the in f r a - re d  spectrum.
-1
a) C vN0o asym. 1,550 cm
1 - i
C ^ n02 1,545 cm
C •, o/-, “ 1VNO2  sym. 1,347 cm
1,353 cm” 1
b) C vN0o asym. 1,565 cm
I 2
H— C — N02 VN02 sym. 1,370 cm
C
c) R-0N02 v asym. N02 1,645 cm
-1V sym. N02 1,280 cm
VN=0 s t r .  855 cm 1
These absorp tions  show considerable  s p l i t t i n g .
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d> R\  vC~H s t r * 3 >015 c111” 1
C— C „ _i
/  \  Vo.o.p. def . 840 cm
Er X R
A comparison of the absorbance of the n i t r a t e  and n i t r o  groups 
of the components of = 0 .15 , w ith  those of the s tandard  
humulene and caryophyllene d e r iv a t iv e s ,  in d ic a ted ,  th a t  0 .9  
n i t r a t e  groups, and 2.7 n i t r o  groups were on average p re sen t  
per  molecule.
3) The n .m .r  spectrum contains  resonances c o n s is te n t  with 
the  p resence of the following s t r u c tu r a l  u n i t s .
a) CH3
- c - no2
Two strong single resonances are observed at T = 7.97 and t = 8.1
b) The T reg ion  7.8 to  8.5 con tains  a broad s e r ie s  of resonances, 
compatible w ith  the fo llowing s t ru c tu re s .
^ 3  / ® 3
—  C— NO ’ — C— 0N0 C = C
I 2 I
c) The e th y le n ic  region of the spectrum in  the  t reg ion  4.2 to 
5 .7 ,  in te g ra te s  as 2 .4  p ro tons . The resonances are no t w ell 
enough defined  to be analysed, bu t are not in c o n s is te n t  w ith  
the  presence of the following s t ru c tu re s .
ch2 ch3
H — C — N 0 9 H.—  C — 0N09
H R
Humulene n i t r o s i t e  contains four protons in  th i s  region and 
i t  should be noted , th a t  the  d i r e c t  ad d itio n  of the oxides
of n i t ro g en  over the double bonds, would produce s t ru c tu re s  
s t i l l  con ta in ing  four protons in the .ethylenic reg ion . Thus 
the  d e te c t io n  of only 2.': protons in d ic a te s  a c y c l i s a t io n  of 
the  product molecules.
d) A group of resonances are  p resen t in  the t region 7.05 to 7 .40, 
which could a r i s e  from the following types of s t r u c tu r a l  u n i t s .
e) Resonances are  p re sen t  in  the x reg ion  9 .0  to  9 .3 .  They 
do n o t  appear to  be c o n s is te n t  with the  presence of the 
cyclopropyl s t ru c tu re  shown below.
These resonances may a r i s e  as a  r e s u l t  of an unusual sh ie ld in g  
e f f e c t ,  due to the r in g  cu rren ts  in  the  various  n i t r o  and 
n i t r a t e  groups.
The component of R,. -  0 .2',"n ' -
NO 0N0
C C—  NO2 C C— NO2
3
The *H n .m .r .  and in f r a - re d  sp ec tra  of the m a te r ia l  of
r = 0 .2  a re  shown in  f ig u re s  6.3 and 6 .4  re s p e c t iv e ly .  These 
f  •
sp e c t ra  a re  s im ila r  to those obtained from the components of
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d i f f e r i n g  only on the following p o in ts .
1) The absorbances of the in f r a - re d  absorp tions  of the n i t r o  and 
n i t r a t e  groups, in d ic a te  th a t  more n i t r a t e  groupings a re  
p r e s e n t ,  approximately 1.6 -  0N02 groups, and 1.8 N02 groups 
being  p re sen t  fo r  each molecule.
2) No sharp methyl resonances were observed fo r  the s t ru c tu re
CH
I
- c - no2
however the  t reg ion  7.8 to  8 .5 ,  con tains  a broad s e r ie s  of 
resonances c o n s is te n t  w ith  the presence of the following 
s t r u c tu r e s .
^ 3  ^ 3
—  C — 0N0o ----C— NO* C —  C
I I
3) There are  n o t as many resonances a t  T>9.0.
4) There a re  more than th ree  protons p resen t  in  the e th y len ic  
reg ion  of the n .m .r .  spectrum.
The s t ru c tu re s  p re sen t  in  the band of = 0 . 2  are
s im i la r  to  those p resen t in the band of = 0.15 bu t contain
r e l a t i v e l y  more n i t r a t e  groupings. Some of the species  p re sen t
may be based on s t ru c tu re s  (65) and (66), however the presence of
more than th ree  protons in  the e th y len ic  region of the H n .m .r .
suggests  th a t  some of the species p resen t may only have p a r t i a l l y
c y c l i s e d .  These l a t t e r  species  may be derived from compounds
•  •
s im ila r  to  (48) which have reac ted  fu r th e r  w ith 0N02 and N02 
removing the cyclopropyl r in g .
The component of = 0»3
I n s u f f i c i e n t  m a te r ia l  was ex trac ted  from the band of 
R = 0 .3  to  o b ta in  a meaningful n.m.r. spectrum, however the
f  t
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i n f r a - r e d  spectrum was recorded* As in  the two previous bands 
the  compounds p re sen t  con tain  n i t r o  and n i t r a t e  groups, and 
have l o s t  the t ra n s  double bond and n i t ro s o  group which were p resen t  
in  humulene n i t r o s i t e .
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APPENDIX 7
ELECTRON PARAMAGNETIC RESONANCE SPECTROSCOPY 
7 ' . 1 1 INTRODUCTION
Charged p a r t i c l e s  which possess angular momentum 
gen era te  an a sso c ia ted  magnetic d ipole  moment. One of the fund­
amental p o s tu la te s  of quantum theory i s  th a t  e lec tro n s  and nucleons 
can p ossess  angular momentum only in  in te g ra l  m u lt ip les  of a b a s ic  
u n i t .  The angular momentum of an e lec tro n  o r ig in a te s  in  i t s  
i n t r i n s i c  sp in ,  f o r  which = |  and in  i t s  o r b i t a l  motion, 
fo r  which 1 takes in te g r a l  va lues . The sp in  and o r b i t a l  angular 
momenta, may be coupled by way of the magnetic moment a sso c ia ted  
w ith  each, g iving a t o t a l  angular momentum, J_ where j = 1 + s . 
S im ila r ly  the  angular momentum 1_ a ssoc ia ted  w ith  a nuc leus , a r i s e s  
from a combination of the angular momenta of i t s  c o n s t i tu e n t  
nucleons.
Eigenvalues can be obtained fo r  the square of the 
angular momentum, and fo r  i t s  component along one a x is ,  which i s  
u s u a l ly  chosen as the Z a x is .  For a p a r t i c l e  whose angular 
momentum i s  G, these  eigenvalues are
G2 = G (G + l)fl 2 7*
and
Gz -  7 •
r e s p e c t iv e ly ,  where Tn  ^ = G,G -  1 » ~ G.
The magnetic moment y fo r  an e lec tro n  m  an is o la te d  atom
is  r e l a t e d  to  the angular momentum by the expression
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-  ^  e — where ^  i s  7.3
the m agnetogyric r a t i o  of the e le c t r o n ,  and i s  defined  by
2  me 7 . 4
Tn e x p re ss io n  7 .4  e and m a re  r e s p e c t iv e ly  the charge and mass of
the  e l e c t r o n ,  C i s  the  v e lo c i ty  of l i g h t ,  and g i s  the  e le c t ro n ice
g f a c t o r ,  which equals  1  and 2.00232 fo r  the o r b i t a l  and sp in  
angu lar momenta r e s p e c t iv e ly .
E le c t ro n  param agnetic  resonance spectroscopy i s  a 
v a lu ab le  to o l  in  examining systems which con ta in  an unpaired 
e l e c t r o n ,  s in ce  the in t e r a c t i o n  of the magnetic moment of the 
unpaired  e l e c t r o n ,  w ith  the magnetic f i e l d s  generated by i t s  
su rroundings y ie ld s  the  fo llow ing  two im portant p ieces  of in ­
fo rm ation .
1) F i r s t  the  d i s t r i b u t i o n  of the neighbouring magnetic n u c le i  
r e l a t i v e  to  the  unpaired  e le c t ro n s  i s  ob ta ined .
2) Second the  r e l a t i v e  p ro p o r t io n s  of sp in  and o r b i t a l  
angu lar momenta d isp layed  by the unpaired e le c t ro n  give 
an in d ic a t io n  of which o r b i t a l  i t  occupies.
In  the  fo llow ing  s e c t io n s  the in te r a c t io n  of the 
magnetic moment of an e le c t ro n  w ith  a magnetic f i e l d  i s  con­
s id e re d ,  and in  p a r t i c u l a r  a method of transform ing the 
H am iltonian f o r  t h i s  i n t e r a c t i o n  in to  a Hamiltonian contain ing  
only sp in  op e ra to rs  i s  d iscu ssed .  Throughout,the major emphasis 
w i l l  be on systems in  which one unpaired e le c t ro n  in t e r a c t s  with 
one magnetic nucleus in  the  molecule.
7 1. 2 1 The Zeeman in te r a c t io n
The energy involved in  the  in te r a c t io n  of the magnetic 
moment of the  unpaired  e le c t ro n  w ith  a magnetic f i e l d  H can be
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re p re se n te d  by the following Hamiltonian,
= ~ ji . H 7 #5
= -  yz H
where the  f i e l d  H l i e s  along the z ax is  d i r e c t io n .  Kramers
theorem s t a t e s ,  th a t  m  a molecule w ith  one unpaired e le c t ro n ,
the  ground s t a t e  i s  a sp in  double t, in  the absence of an applied
magnetic f i e l d .  I f  the e f fe c t s  of s p in -o rb i t  coupling are  ignored,
these  ground s t a t e  wavefuntions can be represen ted  by the  re a l
wavefunctions (J) a  and ({) 3 with no o r b i t a l  c o n tr ib u tio n  to the o o
magnetic moment. Under such cond itions , the Hamiltonian shown
in  7.5 would become
«  ■ s e Se S2 H 7.6
where $e » the  e le c t ro n ic  Bohr magneton, i s  a constant equal to
eh (2mc)  ^ , and S is  the spin  o p era to r ,  which defines  the z-ax is  z
component of the  e le c tro n  angular momentum. Hamiltonian 7 .6 . has
two e igenva lues , -  \ g 3 H, and + \ g 3 H corresponding
6 6 © 6
r e s p e c t iv e ly  to  S^ of -  4 and +
In  the presence of s p in -o rb i t  coupling, a small amount 
of o r b i t a l  paramagnetism can be r e in s ta t e d ,  the p e r tu rb a tio n  of 
the  ground s t a t e  wavefunctions, cjj^ ot, , and ({>^ 3• by s p in -o rb i t  
coupling  mixing in  the excited  s ta t e s  (fj^ oi > and <$>^3 • The 
in te r a c t io n  of the  magnetic moment of the unpaired e lec tro n  with 
the  f i e l d  H now involvesboth spin and o r b i t a l  angular momentum 
o p e ra to rs ,  and i s  given by,
w . ,  -  b, h . (s e i + y  7,7
-  ®eHz (SeSz + V + \  S (8eSy + V + 6A (8eSx + V 
The d a ta  which can be obtained from e . p . r .  sp e c tra ,  can
be p resen ted  in  a more convenient form i f  7 .7 , i s  rep laced  by a
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Ham iltonian involv ing  spin and not o r b i t a l  o p e ra to rs .  This 
a r t i f i c i a l  concept of a spin—Hamiltonian can be developed as 
fo llo w s:
7 ' . 3 '  The spin-Hamiltonian
The Hamiltonian which defines  s p in -o rb i t  coupling can 
be re p re sen ted  a s ,
where £ i s  the s p in -o rb i t  coupling constan t.  The p e r tu rb a t io n  of
s p in - o r b i t  Hamiltonian, forms new ground s t a t e  wavefunctions, which 
can be found from f i r s t  order p e r tu rb a tio n  theory to  be,
7.8
the  ground s t a t e  wavefunctions cj^a and which involves th i s
.n n
7.9
d> | L + i  L n | x
E -  E
X
n n o
n n o
These new b a s is  wavefunctions I + > end I -  > are  s t i l l  
d eg en e ra te .  A magnetic f i e l d  however, reso lves  t h i s  degeneracy,
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and the in te r a c t io n  of the magnetic moment of the unpaired e lec tro n
w ith  the  f i e l d ,  can be described by the Zeeman Hamiltonian 7.7 . The
m a tr ix  elements obtained by the opera tion  of 7.7 on the b a s is  
wavefunctions I + > and I -  > are  as fo llow s,
( + 1 ^ ,  1+) = 3o (+1 g S + L I +)► H + <(+| g S + L I +) Hz I c z  z* z e y y y
+ <+| g S + L |+> H e x  x x
< + w l \ - > =  s <+| g S + L I - )  H + <+| g S + L I ->  H^ e z z 1 '  z x ' ®e y y' f  y
+ <+ | g S + L I ->  H x ' °e x x 1 '  x
<-l« l+>= e. < - |  g S + L I +> H + < - |  g S + L I +> HN l o e z  zi  '  z e y  yi  '
+ <f- |g  S + L  I +>H ^  1 °e x x ' ^
< - \ K  l ‘ > * < - |  g S + L  I -> H  + <M g S + L  I - ) H^ * ' 6e z  z 1 '  z N < °e v v* 'e y y<
jg S + L I - )  H N l6e x x 1 '  ■! 7.10
An e v a lu a t io n  and comparison of these  m atrix  elements, which takes 
in to  account the  Hermitian p ro p e r t ie s  of angular momentum o p e ra to rs ,  
shows th a t  the following re la t io n sh ip s  hold ,
O l  Se S.. + L. | +> = - <-| ge S.  * L.| - >
<  + | ge S. +tj | -> = <-| ge Sj + L.| +>  ’ 7 . 1 1
The fo llow ing s u b s t i tu t io n s  are  now made,
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< + I s e Sj  + Lj I +> = -  < -  I ge s .  + L. I - >  -  J g . z
< + I Se Sj  + Lj  I - >  “ < -  I 8e S. ♦ L | +> *  '  i V  + ig jy>
7 . 1 2
These s u b s t i t u t io n s  comply with the requirement th a t  diagonal 
m a tr ix  elem ents re p re sen t  the expecta tion  values of r e a l  v a r ia b le s ,  
and so must be r e a l ,  whereas the o ff-d iagonal m atrix  elements may 
be imaginary.
The m atrix  elements of the Hamiltonian now become,
zz e z
zx 
‘ (gxx 
1 (gzX 
* (gXX
< -  I &  ,1 - >  -  -  I gzz Se«2 -  1
+ 1 g 3 H + \ g 3 H yz e y xz e x
’zy} 3 H + |  (g -  ig  ) e z yx yy 3 H e y
;Xy) 3 H e x
;zy}
S H + \ (g + ig  ) e z 2 &yx °yy 3 H e y
3 H e x
-  1 g 3 H ” 2  g 3 H °yz e y xz e x
7.13
As a r e s u l t  of the above su b s t i tu t io n s  the m atrix  elements 
assume a form which i s  the same as those which would be obtained 
by d e f in in g  a f i c t i t i o u s  spin  opera tor S, which would a c t  on the 
s t a t e s  I + > and I — ^ in  the same waj7 in which the t ru e  spin 
o p e ra to r  a c ts  on the a  , and 3 s t a t e s ,  and by using a Hamiltonian 
of the  form,
-  ee H. g . s 7 . 1 4
where g i s  a second rank tenso r .
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An expression  fo r  the Zeeman energy of the system can 
thus be obta ined  by considering the s t a r t in g  s ta t e s  to be pure 
sp in  s t a t e s ,  and by using a Hamiltonian contain ing  only sp in  
o p e ra to r s ,  which i s  known as the spin Hamiltonian. Using th i s  
sp in  Ham iltonian, the o r b i t a l  co n tr ib u tio n  to paramagnetism i s  
in co rp o ra ted  in to  the g - ten so r ,  and is  r e f le c te d  in  the d ev ia t ion  
of i t s  va lues  from the spin-only  value. By comparing the elements 
of the  sp in  Hamiltonian with those of the t ru e  Hamiltonian i t  can 
be shown th a t  in  genera l,
* i j  ■ S. > u  -  * t r < W . >
n n o  7.15
and i t  follows from the Hermitian p ro p e r t ie s  of the angular 
momentum o p e ra to rs ,  th a t  the g -tensor i s  symmetric.
7 *. 41 The hyperfine  in te ra c t io n  .
* * ■ *The magnetic moment assoc ia ted  w ith an unpaired e le c t ro n ,  
i n t e r a c t s  w ith  the  magnetic f i e ld  generated by the magnetic moment 
of any nucleus in  the v i c in i t y .  There are three  q u ite  d i s t i n c t  
c o n tr ib u t io n s  to  th i s  in te ra c t io n .
The f i r s t  of these con tribu tions  a r i s e s  from the presence 
of unpaired  e le c t ro n  sp in  density  a t  the magnetic nucleus, in  cases 
where the  wave func tion  of the unpaired e lec tro n  has a f i n i t e  value 
a t  the  nuc leus , or where the unpaired e lec tro n  can e f f e c t  a p o la r-  
i s a t i o n  of the pa ired  S e lec tro n s  about the nucleus. This i s  the 
so -c a l le d  Fermie contac t in te ra c t io n ,  which is  i s o t ro p ic ,  and may
I
be rep resen ted  by a Hamiltonian of the form,
V t  = ge% 6e BN 8 (V  I ’i 7.16
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where 8 ( r jq) i s  the Dirac deta  function  which, in te g ra te d  over 
the  e l e c t r o n i c  wavefunction, gives the square of the value of the 
w avefunction a t  the nucleus.
The second con tr ib u tio n  to the hyperfine in te ra c t io n  
i s  a d i r e c t  d ip o la r  coupling between the spin  magnetic moments 
of the  e le c t ro n  and the nucleus. This i s  e s s e n t i a l ly  the c l a s s i c a l  
i n t e r a c t i o n  of two d ipoles  y^ and y^ separated by a d is tan ce  r .  
This s p in -d ip o la r  in te r a c t io n  is  an iso tro p ic  and can be represen ted  
by the  fo llow ing  Hamiltonian,
^  SI "  ” Se%  ^e r 2 S .I  -  3 (S. r) ( r .  I) r  ~5 7.17
Vi can be u se fu l ly  rew r i t te n  as, 01
1 \  I - i  7- 18
\  r  •'av.
where 0 i s  the angle between the vector r ,  which connects the
d ip o le s ,  and the magnetic f i e ld  d ire c t io n .  The o r ie n ta t io n
2 -3dependent term (1 — 3 cos 0) r  includes a s p a t i a l  average 
over the  o r b i t a l  occupied by the unpaired e lec tro n .
The f i n a l  co n tr ib u tio n  to hyperfine coupling i s  a lso  
a n i s o t ro p ic ,  a r i s in g  from the in te ra c t io n  between the nuc lear 
magnetic moment, and the e lec tro n ic  o rb i t a l  magnetic moment, and 
i s  rep resen ted  by the Hamiltonian
JD = 2„ g e r  “ 3  L .I  7-19
<H- L I  e PN -----
As the hyperfine Hamiltonian contains nuc lear  sp in
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o p e ra to r s ,  the b a s is  wavefunctions now take the form] + ,
an<^  I * ^a :^r^x elements can be obtained fo r  the opera tion
of the  complete hyperfine  Hamiltonian, which co n s is ts  of 7.16, 7.17, 
and 7 .19 , on the b a s is  wavefunctions | + , and | -  ,
fhese  m a tr ix  elements, by the use of a lgebra ic  manipulations and 
s u b s t i t u t i o n s  s im ila r  to those shown in  7.12, can be made to  assume 
a form id e n t i c a l  to the m atrix  elements which would be obtained i f  
a f i c t i t i o u s  sp in  operator S was allowed to  operate on | + , 
and J -  , , in  the same way as the true  spin opera tor a c ts
on | a , and | $, M j / ’’ > and using a spin Hamiltonian of the
form,
£ t SI -  S. A. I  7.20
where A i s  a second rank tenso r .  Thus the energy of the system 
in c lu d in g  both  Zeeman and hyperfine in te ra c t io n s ,  can be expressed 
in  the  form,
W  = $e H. g. S_ + S. A. I  7.21
7 , .5* The quadrupolar in te ra c t io n
Nuclei with I  ^  1 possess an e l e c t r i c  quadrupole moment, 
which can i n t e r a c t  with the g rad ien t of the e l e c t r i c  f i e ld  a t  the 
nucleus r e s u l t in g  in  a mixing of the nuclear spin  s t a t e s .  The 
quadrupole moment does not in te r a c t  d i r e c t ly  with the magnetic 
moment of the  unpaired e lec tro n ,  but i t  can a f fe c t  the e .p . r  
spectrum, producing second order s h i f t s  in  the energy le v e ls ,  and 
making form ally  forbidden t r a n s i t io n s  involving Amg -  ± 1,
Anij = ± 2, become weakly allowed. This in te ra c t io n  can thus change 
the p o s i t io n s  of the resonance l in e s ,  and cause the hyperfine
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l i n e s  tobeim equally spaced, but only i f  the steady magnetic
f i e l d  does not l i e  p a r a l l e l  to the symmetry axis  of the paramagnetic 
s p e c ie s .
The quadrupolar in te ra c t io n  can be represented  by a 
sp in  Hamiltonian of the form,
Q  q  " I -  p- I  7.22
where P i s  the  quadrupolar coupling tensor ,  whose components are  
of the  form,
p • • = e Q v i,i 7.23
•’ 21 (21 -  1)
where Q i s  c a l led  the  quadrupole moment of the nucleus, and is  
de f in ed  by,
Q “ < M j -  I  | £ ( 3 Z 2 -  r 2) | Mt = I >  7.24
the  summation being taken over the protons in  the nucleus, and 
re p re s e n ts  the  i j  th .  component of the e l e c t r i c  f i e ld  
g ra d ie n t  te n so r .
The t o t a l  spin  Hamiltonian fo r  a complex in  which one 
unpaired  e le c t ro n  in te ra c t s  with one nucleus can now be w r i t te n  as ,
W  = B H. g .  £ v  + S_. A. J  + jC. P . i 7 . 2 5
71.6* S o lu tion  of the spin Hamiltonian
£s r e l a t i v e ly  simple to  determine the energy leve ls  
a ss o c ia te d  w ith the in te ra c t io n  of a s ing le  unpaired e lec tro n  w ith
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one magnetic nucleus, i f  the paramagnetic species are  in so lu t io n ,  
s in ce  the  r o t a t i o n  of the system averages out the a n iso tro p ic  
c o n t r ib u t io n s  to the various tenso rs ,  and the spin  Hamiltonian 
becomes,
= gQ $e H. S_ + A S. Io — 7.26
where g 8 u and A = 3 /  A . .o 1—r* nl
7.27
The quadrupolar tensor i s  t ra c e le s s  and there  i s  thus no 
quadrupolar c o n tr ib u t io n .  The eigenvalues of the Hamiltonian 
7.26 a re  given by the equation.
.2A m
Em , m = g $ m H + A  m m_+ — ~— s i  o e s o s I  2g 3 Ho e
1(1 + 1) -  m^ 7.28
and the  2 1 + 1  t r a n s i t io n s  obey the se lec t io n  ru le s  Amg = ± 1, 
Anij = 0 .
In  the so l id  s t a t e  the s i tu a t io n  is  more complex. I t  
i s  p o s s ib le ,  however, to  choose a co-ord inate  system which d iagonal- 
i s e s  the  g—ten so r ,  and i f  the p r in c ip a l  axes of the A and ? tensors 
co in c id e  then the spin  Hamiltonian 7.25 s im p lif ie s  to ,
V I  = Z _  (B# gH  H.S. + A.. S. I .  + Pu  I t 2 ) 7 . 2 9
I f  i t  i s  assumed th a t  the magnetic f i e ld  H has d i re c t io n  
cosines  1, m, and n, w ith respec t to the p r in c ip a l  axes of the 
g - te n s o r ,  and th a t  the same se t  of axes d iagonalise  the A and P
t e n s o r s ,  then  7.29 can be rew ri t te n  a s ,
“ Se (gvx 1Sv + “S,, + S - . n S J  H 7.30e xx x yy y °z?. z'
+ 2 _ ( A . ,  S. I .  + P . .  I . 2)11 1 1 11 1 '
The energy le v e ls  and t r a n s i t io n  energies can now be found by 
co n s id e r in g  the  opera tion  of the Zeeman p a r t  of the Hamiltonian on 
the  b a s i s  wavefunctions | a ,  m ^  and | 3, hl, . ^ ,  and then t r e a t in g  
the  h y p e rf in e  and quadrupolar terms as successive p e r tu rb a t io n s .
The Zeeman component of the  Hamiltoniati 7.30 can be w r i t te n ,
VL  = g$ (l^S + m"S + n'S ) 7.31e x y z
where gl'* = g 1, gm' = g m, and gn ' = g n, xx yy zz
^2 2 >2where 1 ' ,  m", and n ' ',  a re  normalised and 1 ' + m" + n ' = 1.
The energy m atr ix  can now be diagonalised w ith respec t to  the 
Zeeman term by carry ing  out the following transform ations.
S = a - . S > + a - 9 S .  + ai-j 7,32x 11 x 12 y i j  z
S y  -  a 2 1  V  + *22 V  + ^ 3  V
Sz "  a31 V  + a32 V  * a33 V
where Z ' has the d i re c t io n  cosines l ' ,  m '9 and n '  w ith  re sp ec t 
to  the  p r in c ip a l  axes. Under such a transform ation the Zeeman term
becomes,
-  S Se HV  7,33
and from the p ro p e r t ie s  of the d ire c t io n  cosines,
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J  = e2 i 2 . 2 2 2 28 8xx 1 + 8 y y  m  +  Szz n 7.34
I f  the  Z-axis i s  chosen as the ax is  of quan tisa t io n  fo r  the 
e le c t r o n  spin  func tions  a and 8, then these s ta t e s  are  eigen­
fu n c t io n s  of the  transformed Zeeman, with energies of ± £ g8 H.
The transformed hyperfine term in  the Hamiltonian now
becomes,
c$.cT= s Can A 1 + a 0.A I  + a_,A I  )SI x ' 11 xx x 21 yy y 31 zz z '
+ S  ^ (a. _A I  + a 00A I  + a00A I  ) y 12 xx x 22 yy y 32 zz z
+ S _ (a A I + a. A I  + a A I  ) z 13 xx x 23 yy y 33 zz z
The hyperfine  term can now be t rea ted  using non-degenerate 
p e r tu rb a t io n  theory , providing i t  has no off-d iagonal m atrix  
elem ents between s ta t e s  which are degenerate in  zero order. The 
d ia g o n a l i s a t io n  of the energy m atrix  with respec t to the hyper­
f i n e  term i s  achieved by a transform ation of the same type as 
th a t  shown in  7.33 and the f i r s t  order con tr ibu tion  to  the p e r tu r ­
b a t io n  energy i s  An r^n .^, where
7.35
2 2 2 2  2 2 2  2 2 .2 N -2 A = (g 1 A + g m A + g n A ) g vgxx xx yy yy zz zz
The remaining hyperfine and quadrupolar terms in  the 
H am iltonian , can. be tre a ted  using second order pe rtu rb a tio n  
th eo ry ,  and the energies of the | (X, , and|8, s ta te s ,
and the  allowed t r a n s i t io n s  fo r  which Amg -  ± 1, AuLj. 0, 
can be evalua ted .
7.36
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For the sp ec ia l  case in  which the f i e ld  l i e s  along 
a p r in c ip a l  ax is  d i re c t io n ,  the t r a n s i t io n  energies are  found to  be,
A 2  * 2. . +
iE = 8i i  eeH + Ai i  “ i  + ( JJ * f  1(1 + 1) -  nu
«g.-i 8 H L 1i i  e
+ (pw w - p ^ ) 2
7.37
“ e i i
2A..i i
21 ( I  + 1 ) -  2m^  -  l j  inLj.
17 . 7 1 Spin re la x a t io n  and l in e  shapes
The sp in  s ta t e s  \ + |  > and | -  |  > in  the absence 
of h y p e rf in e  coupling, and any ex terna l magnetic f i e ld s ,  a re  
degenera te  and are  equally  populated. I f  a steady f i e ld  H is  
a p p l ie d  to  the system, the populations of the two lev e ls  are  
governed a t  thermal equilibrium  by a Boltzmann expression of the 
form,
N \ = exp ( —  ) 7' 38
N + J exp 1 kt 7
The microwave frequencies involved in  a t r a n s i t io n  from
I + \ > to  I -  \ > are such, th a t  the spontaneous emission of
r a d i a t i o n  can be neg lec ted , in d ica t in g  th a t  the excess energy 
i s  d i s s ip a te d  by non ra d ia t iv e  re lax a tio n  processes.
The sp in  Hamiltonian 7.30 would p red ic t  i n f i n i t e l y  
sharp  t r a n s i t i o n s  between the allowed energy le v e ls .  This is  
n o t observed experim entally , and the width of the observed sp ec tra l  
l i n e s ,  can be accounted fo r  by considering the dynamics of the
r e la x a t io n  p rocesses .
A c o l le c t io n  of sp in s , which are allowed to in te r a c t  
w ith  a magnetic f i e l d  Ho, applied along the Z-axis, w i l l  a t  thermal 
eq u i l ib r iu m  have components of the bulk magnetisation M along the 
th re e  a x is  d i r e c t io n s ,  where i s  equal to some value Mq and 
and M a re  both zero. I f  the system is  removed from equilibrium ,
y
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i t  w i l l  r e la x  back to  the equ ilib rium  values of the components of 
M a t  a r a t e  defined  by,
dM„ _ "(M -  M )
 E ~ z o 7.39
d t  T
dM ~M x =  x
d t  t2
dM -M
— I  = _ Z  
d t  t 2
The co n stan t  T^ i s  c a l led  the s p in - l a t t i c e  re la x a t io n  time,
because fo r  to  r e la x  back to  i t s  equilibrium  va lue , the spins
have to  exchange energy with the l a t t i c e ,  which i s  here  defined to
be the  medium in  which the spins find  themselves. The constan t
i s  c a l l e d  the sp in -sp in  re la x a t io n  time. The re la x a t io n .o f
M and M does not involve exchange of energy w ith  the l a t t i c e ,  x y
bu t i s  concerned with a r e d i s t r ib u t io n  of the t o t a l  energy of the 
system amongst the various sp ins.
The applied  f i e l d  ex er ts  a torque on M, causing i t  
to  p recess  about H according to the equation,
di! = X  (M x H ) 7.40   e — —o
d t
This p rec es s io n a l  motion i s  damped by the r e la x a t io n  e f f e c t s ,  
and the  dynamics of the system are  described by the Bloch equations , 
ob ta ined  by combining 7.39 and 7.40 to y ie ld ,
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dM = X  (M x H ) -  ( i  M + j  M ) -  k (M -  M )  ‘ -  x -  y -  z o 7.41
d t  nr* m
"2 Tl
where i^ 9 and k are  u n i t  vectors  d irec ted  along the x, y , and 
z axes .
I f  a c i r c u la r ly  p o la r ised  magnetic f i e ld  ro ta t in g  
in  the  xy plane w ith  an angular v e lo c i ty  m in  the same d i r e c t io n  
as the  Larmor p recess io n ,  i s  applied to the system, the Bloch 
eq uations  become,
7.42
dM = K  (M x H ) + 6  (M x H.) -  ( i  M + j M ) -  k (M -M )~  e — —o e — —1 — x — y — z o '
d t  T T2 1
The o p e ra to r  S can only connect s ta te s  with Am = 0 ,  z s
whereas S and S can connect only s ta te s  with Am = ± 1. Thus x y s
i f  a) i s  made to approach the Larmor precession frequency ojq,
a resonance s i tu a t io n  a r i s e s  and t r a n s i t io n s  are induced according
to the s e le c t io n  ru le  Am = ± 1.s
The equation 7.42 can be solved to y ie ld  expressions fo r  the 
eq u i l ib r iu m  values  of the components u and v of the m agnetisation  
M, which He p a r a l l e l  to and a t  r ig h t  angles to  in the xy p lane, 
and fo r  M . For a p a r t i c u la r  t r a n s i t io n  the v mode r e f l e c t s  the 
ab so rp tio n  of energy from the f ie ld  and the r a te  of work done 
by i s  given by M x H. b) which in th is  case reduces to co v 
I f  equa tion  7.42 i s  solved fo r  v, then i t  can be shown th a t  the 
l in e  shape g (w) i s  given by
7 . 4 3
where XQ i s  the equ ilib rium  value of the magnetic s u s c e p t ib i l i t y
and Mo = XoHo- In  cases where X , 2  Hj 2  i s  sm all, the l in e
i s  L o ren tz ian  in  shape and has the c la s s ic a l  normalised form,
g (03) = T2
7.44
T r  1 + T 2 (U) -  u) 2 ^ o
2 2I f  Hx or i s  la rg e ,  the term H may become
im portant and the l in e  shape i s  no longer Lorentzian. This e f f e c t  
i s  c a l l e d  s a tu r a t io n  and r e s u l t s  when the system cannot re la x  f a s t  
enough to  m ain tain  the population d iffe rence  between the upper 
and lower s t a t e s .  S a tu ra tio n  causes an apparent broadening 
by weakening the cen tre  of the l in e .  The Lorentzian lineshape 
does no t apply in  s i tu a t io n s  where magnetic d ip o la r  in te ra c t io n s  
d e f in e  the  broadening, and in  such circumstances i f  the d i s t r ib u t io n  
of the  magnetic d ipo les  is  random w ith respec t to  the e lec tro n  
undergoing resonance, then the r e s u l ta n t  l in e  shape i s  Gaussian, 
having the form,
r e l a t i v e  importance of the various e f f e c t s ,  which may c o n tr ib u te  to 
t h i s ,  depends on the p a r t i c u la r  system being s tud ied .
For systems in  which the neighbouring paramagnetic species 
are  very  c lo se  to g e th e r ,  the unpaired e lec tron  can jump from one
/ \ T0  expg (gj) = 2
7.45
v m
7 1 . 8 1 Sources of l in e  broadening
In  most cases the l in e  width is  governed by T2» the
mole c u le  to  ano ther , r e s u l t in g  in  an averaging out of the hyperfine
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i n t e r a c t io n s  m  the spec ies ,  and o ften  producing a very broad l in e .  
To avoid t h i s ,  e . p . r . s t u d i e s  are usually  c a r r ied  out in  so lu tio n ,  
o r  on c r y s t a l s  of a diamagnetic host in to  which the paramagnetic 
sp ec ie s  a re  doped, c rea t in g  a magnetically  d i lu te  system.
In  spec ies  where there  is  l i t t l e  o r b i t a l  c o n tr ib u tio n  to
paramagnetism, the main con tribu tions  to the l in e  widths are l i s t e d  
below.
a) The a n iso t ro p ic  con tr ibu tions  to the g and A-tensors may
not be completely averaged out by the ro ta t io n  of the species  
m  s o lu t io n ,  and the re s u l t in g  f lu c tu a t in g  magnetic f i e ld s  
cause broadening.
b) When a molecule ro ta te s  in  so lu t io n ,  the random motions
of i t s  c o n s t i tu e n t  e lec tro n s  and n uc le i  generate magnetic 
f i e l d s ,  the magnitude and d ire c t io n  of which f lu c tu a te s  with 
time. The in te ra c t io n  of the magnetic moment of the 
unpaired e lec tro n s  with these f ie ld s  r e s u l t s  in  broadening;
c) Some of the  hyperfine in te ra c t io n s  may not be la rge  enough'
to  cause s p l i t t i n g  of the sp ec tra l  l in e s ,  re s u l t in g  only 
in  a c o n tr ib u tio n  to the l in e  width.
The above e f fe c t s  apply to species containing one unpaired 
e le c t ro n  and l i t t l e  o r b i t a l  paramagnetism, and in o ther systems o ther 
types of e f f e c t  may be dominant.
7 ’ .9* Line shapes of e lec tro n  paramagnetic resonance sp ec tra  of 
m agnetica lly  d i lu te  g lasses  or p o ly c ry s ta l l in e  samples
A g la ss  or m agnetically  d i lu te  p o ly c ry s ta l l in e  sample can 
be t r e a te d  as a la rg e  number of c r y s t a l l i t e s ,  which are  randomly 
o r ie n te d  w ith  re sp ec t  to an applied magnetic f i e l d .  Under such
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c ircum stances  the experim entally  observed e . p . r .  spectrum a r is e s  
from the summation of the spec tra  from a l l  the d i f f e r e n t  c r y s t a l l i t e s  
each one weighted by the p ro b a b i l i ty  of the c r y s t a l l i t e  being in  th a t  
p a r t i c u l a r  o r ie n ta t io n .
The expected l in e  shape can be computed by considering  the 
t r a n s i t i o n  p r o b a b i l i t i e s  as a function of o r ie n ta t io n ,  toge ther 
w ith  the p ro b a b i l i ty  of the molecule having a given o r ie n ta t io n  
r e l a t i v e  to the magnetic f i e ld  d ire c t io n .  For c e r ta in  molecules 
e .g .  the  copper c h e la te s ,  and n i t ro x id e s ,  where the g - ten so r  
values a re  a l l  c lose  to  2 , i  t  i s  a reasonable approximation to 
assume th a t  the t r a n s i t io n  p ro b a b i l i ty  i s  independent of the
o r i e n t a t i o n  of the  c r y s t a l l i t e  in  the magnetic f i e l d ,  but th i s  i s
n o t  a v a l id  assumption in  general.
Kneublihl has t re a te d  the case of a molecule with S ,
1 = 0 .  In  the  general case , where the molecule has orthorhombic 
symmetry, the p r in c ip a l  values of the g-tensor a l l  d i f f e r ,  with 
g l l  ± g£ 2  ^ S3 3  anc* t i^e Hamiltonian has the form.
$ £ =  eeH(gl l  C° S 91 Sx + g22 COS ®2 Sy + g33 C0S ®3 Sz) 7,46
where 0 , 09 , and 0 , are the angles the f ie ld  H makes w ith  the 
X 2 3
p r in c ip a l  axes d i r e c t io n s ,  and
g = (gn 2 <'-°s2 9X + g222 cos2 02 + g332 COs2 03)2 7,47
Only two o f these three angles can be independent, and the 
re so n an t  f i e l d  thus depends on two or ien ta tion  a n g les , and as a r e s u lt  
th ere  i s  a range o f combinations of the two o r ien ta tio n  angles
which lead  to  resonance a t a p a rticu lar  f i e ld .  I f  the p ro b a b ility
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t h a t  the c r y s t a l l i t e  l i e s  in an o r ie n ta t io n  such th a t  i t  gives 
an ab so rp tio n  in  the range of the spectrum from H to H + dH i s  
computed, then i t  can be equated to g(H) dH, where g (H) i s  the 
norm alised l in e  shape function . The lineshape function  g(H) 
can then be expressed , in  terms of the resonant f i e ld s  H , H22, 
and H 3 3  correspond to the p r in c ip a l  values of the g - te n so r ,
gl l ’ g22* and g33 re s Pe c t iv e ly .  Assuming th a t  H33> H22>
then in  the in te r v a l  >  H >  H22, g(H) i s  given by
O i l  u  i i
g(H) = ztll l  22 33    K (1 0  7.48
TTh2 (h2 -  h23)^
and in  the  in te r v a l  H22 H H33
g(H) = 2H11 H22 H33   K(l) 7.49
•^H2 (H22 - H 23)* (H2x - H 2) 1
i
where K (l)  i s  the  standard e l l i p t i c a l  in teg ra l  given by,
I T
2
■ / .
K(1) = I ----------  dx ------
( 1  -  X s in  x )
-  I T  r i  + ( } ) 2 t 2 + ( ^ ) t 4 7.50
2
aild (H2 -  H2 ) (H2 -  H2 ) ^ 2 1 11 2T  33 ,
(X ) = ( « i i _ h 2 )  7 -51
The fu n ction  of g(H) has d isc o n tin u it ie s  a t H -Hu  and
• r• ♦ _ 4. u ~ ii where X and X both equal one,H = H and becomes in f in i t e  a t H -  H22, wnere
256
and the e l l i p t i c a l  in te g ra l s  expand to i n f i n i t y .
In the d iscu ss io n  so f a r ,  the e . p . r .  t r a n s i t io n s  have 
been assumed to  be i n f i n i t e l y  sharp. This has been p rev iously  
shown n o t to  be the  case experim en ta lly . The broadening which 
occurs i s  b e s t  described  i f  the in d iv id u a l  l in e  shapes are  assumed 
to  be described  by a Gaussian fu n c tio n  and the broadened l in e  shape 
has the  form,
where Y ( H -  HO the Gaussian l in e  shape func tion  i s  given by,
and the l in e  width i s  co n tro l le d  by the broadening parameter $. 
The func tions  g(H), g(H^) and the f i r s t  d e r iv a t iv e  of g(HO are 
p lo t t e d  in  f ig u re  7 .1 .
number I ,  then the observed spectrum can be in te rp re te d  as a 
su p e rp o s i t io n  of 21 + 1 curves of the type shown in  f ig u re  7.1. 
F igure 7.2 i l l u s t r a t e s  the broadened f i r s t  d e r iv a t iv e  curve fo r  a 
molecule w ith  S = I  = and in  such cases i f  the peaks are  well 
re so lv ed , the p r in c ip a l  components of the hyperfine  tensor can be 
ob ta ined . U nfortunately  the o r ie n ta t io n  of the p r in c ip a l  axes of 
the  g and A -tensors w ith  re sp ec t  to  the experimental axes, cannot 
be determined using  th i s  technique.
H = H
g(H)Y (H -  HO d H 7.52
Y (H -  IT) = (21T ) 7.53
The g- tenso r  components can be re a d i ly  obtained from the 
f i r s t  d e r iv a t iv e  p o ly c ry s ta l l in e  spectrum by measuring H and 
and I f  the e lec tro n  in te r a c t s  w ith  a nucleus of sp in  quantum
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g(H ) (A)
H
22
(3)
H'
d g(H ')
22
Figure 7.1 (A) The unbroadened l in e  shape curve, (B) the
broadened l in e  shape curve, and (C) the broadened 
f i r s t  d e r iv a t iv e  curve, fo r  a molecule w ith  S * I  “
258
d t
11.
H
Figure  7.2 The broadened f i r s t  d e r iv a t iv e  curve fo r  a molecule 
w ith  S = | , I  = | .
The above trea tm ent was the mathematical b a s is  of a 
computer program used to  s im ulate  the m agnetica lly  d i lu t e  
p o ly c r y s ta l l in e  e . p . r .  s p e c tra ,  obtained from the n i t ro x id e  
r a d ic a l s  d iscussed  in  t h i s  t h e s i s ;  and the sp in  Hamiltonian 
param eters repo rted  fo r  these  r a d ic a ls  were e x tra c te d  by means 
of th i s  program.
oOo——
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